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COMMUNICATION DEVICE AND METHOD
FOR SIGNAL DETERMINATION IN RADIO
COMMUNICATION

CROSS-REFERENCE TO RELATED
APPLICATION

The present application 1s a national stage entry according,
to 35 U.S.C. § 371 of PCT application No.: PCT/US2015/

000328 filed on Dec. 24, 2015, and 1s incorporated herein by
reference 1n 1ts entirety and for all purposes.

TECHNICAL FIELD

The present description relates to communication devices
and methods for signal determination in radio communica-
tion.

BACKGROUND

In a scenario, a wireless device recerves a signal that may
include an interference signal and additive white Gaussian
noise. It may be desirable to provide a communication
device and a method that may blindly subtract the interfer-
ence signal in a reliable and eflicient manner.

SUMMARY

A communication device 1s provided that includes a
receiver configured to receive a signal. The communication
device turther includes a determination circuit configured to
determine an interference signal of the recerved signal based
on an mnterference signal model. The commumnication device
turther includes a correction circuit configured to determine
a corrected interference signal based on the determined
interference signal and on a signal sample based on the
received signal. The communication device further includes
a subtraction circuit configured to subtract the corrected
interference signal from the recerved signal.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, like reference characters generally refer
to the same parts throughout the diflerent views. The draw-
ings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the inven-
tion. In the following description, various embodiments of
the invention are described with reference to the following
drawings, in which:

FIG. 1 shows a schematic diagram of a mobile radio
communication system, a first wireless mobile device
according to an example and a second wireless mobile
device;

FIG. 2 shows a schematic drawing of the first wireless
mobile device;

FIG. 3 shows a schematic drawing of a mitigation circuit,
a downconverter and a baseband circuit of the first wireless
mobile device;

FI1G. 4 shows a flow diagram that the integration circuit of
the first wireless mobile device may be configured to
execule,

FIG. 5 shows a flow diagram of a determination of
conditional mean state values and corrected conditional
mean state values of the mitigation circuit;

FIG. 6 shows a schematic diagram of a mitigation circuit
of a third wireless mobile device according to an example;
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2

FIG. 7 shows a schematic drawing of the downconverter,
the baseband circuit and an adaptive mitigation circuit of a

fourth wireless mobile device according to an example;
FIG. 8 shows a method for signal determination in radio
communication; and
FIG. 9 shows a method for signal determination in radio
communication.

DESCRIPTION

The following detailed description refers to the accom-
panying drawings that show, by way of illustration, specific
details and embodiments in which the mvention may be
practiced.

The word “exemplary” 1s used herein to mean “serving as
an example, instance, or illustration”. Any embodiment or
design described herein as “exemplary” 1s not necessarily to
be construed as preferred or advantageous over other
embodiments or designs.

The operator “-” 1s used herein to mean a matrix multi-
plication, a scalar product or a multiplication of two scalars
depending on the context.

The word “matrix” 1s used herein to mean a matrix with
at least one row and at least one column. In case of a matrix
with one row and one column, the matrix may be a scalar
and wording referring to that case may be adapted appro-
priately. For example, the term “covariance” referring to a
scalar may be adapted to mean variance.

Various aspects of this description provide a communi-
cation device, including a receiver configured to receive a
signal. Further, the communication device may include a
determination circuit configured to determine an interfer-
ence estimation signal of the received signal based on an
interference signal model. Moreover, the communication
device may include a correction circuit configured to deter-
mine a corrected interference estimation signal based on the
determined interference estimation signal and on a signal
sample based on the receirved signal. Further, the commu-
nication device may include a subtraction circuit configured
to subtract the corrected mterference estimation signal from
the received signal. Thus, the communication device may be
configured to determine an output signal that excludes an
interference signal that may be included in the received
signal 1n a reliable and etlicient manner. The output signal
may be a subtraction signal that 1s the subtraction of the
corrected interference estimation signal from the received
signal. Further, the output signal may include an information
signal and a white Gaussian noise signal. The statistical
properties of a white Gaussian noise signal included 1n the
received signal and an information signal may be diflerent
than the statistical properties of the interference signal.

In an example, the communication device may include a
sample circuit configured to sample the signal sample of the
signal. Thus, the communication device may be configured
to determine a reliable interference estimation signal. Fur-
ther, a Gaussian noise signal included in the subtraction
signal may only have weakly correlated statistics.

In an example, the determination circuit may be config-
ured to determine the interference estimation signal in
consideration of interference signal states of a plurality of
interference signal states of the interference signal model.
Further, the determination circuit may be configured to
determine at least one conditional moment of the interfer-
ence signal states that may be associated with a sampling
time of the signal sample based on a time evolution of at
least one time dependent conditional moment function. The
time dependent conditional moment function may be asso-
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ciated with the interference signal model and may be the at
least one conditional moment if evaluated at the sampling
time. Moreover, the determined interference estimation sig-
nal may include the at least one conditional moment of the
interference signal states. Thus, the communication device
may be ethicient and simple. Further, an interference signal
random variable X(t) may be time dependent and may be an
interference signal state Z of the plurality of interference

signal states with a conditional probability P[Z.tIC,,
C,, . .., C] Each conditional probability P[Z,tIC,,
C,, ..., C ] of the conditional probabilities may be a

probablhty that the iterference signal random variable X(t)
1s the interference signal state Z under the conditions C,,
C,, ... C . The conditional probability P[ZtIC,, C,, . . .,
C, ] may be time dependent. Further, a conditional probabil-
ity density function p[Z.tIC,, C,, . . ., C ] may be the
probability P[Z tIC,, C,, ..., C ]. Moreover, the at least one
conditional moment function may be a conditional expec-
tation value E[(¢(X,t)] of an interference signal state func-
tion ¢(X,t) that may be determined by E[¢(X,))]=/¢(Z,t)p
|Z,t1C,, C,, ..., C ]dZ in consideration of the conditional
probability density function p[Z.tIC,, C,, . .., C ]. Further,
probability density functions may be referenced as prob-
abilities, respectively. Moreover, the interference signal ran-
dom variable X(t) may be referenced as interference signal
random variable X.

In an example, the at least one conditional moment may
be a plurality of conditional moments that may be associated
with the sampling time. Further, the at least one time
dependent conditional moment function may be a plurality
of time dependent conditional moment functions. The plu-
rality of time dependent conditional moment functions may
be associated with the interference signal model and may be
the conditional moments 11 evaluated at the sampling time,
respectively. Moreover, the time evolution of the plurality of
time dependent conditional moment functions may be a time
evolution 1n accordance with at least one coupled differential
equation that may include the conditional moment functions
of the plurality of time dependent conditional moment
functions. Thus, the communication device may be config-
ured to determine a reliable interference estimation signal.

In an example, the at least one coupled differential equa-
tion may include a first differential equation (1) and a second
differential equation (2):

X . (1)
— = f(X, 1),

dP

— = (Elx - f7)

—}?-fT)+(E[f-XT]—f-}?T)+E[G-AI-GT], (2)

in consideration of a first state function ¢, (X.,t), a conditional
expectation value X=F] [(¢,(X,t)] of the first state function
¢,(X,t), a second state function ¢,(X,t), a conditional expec-
tation value P=E[¢,(X,t)] of the second state function ¢, (X,
t) and an Ito equation (3):

X(O)=F (X )+G(X.0)-u(t) (3)

that may include a first signal function f(X,t), a first noise
tunction G(X,t), a white Gaussian noise function u(t) and an
expectation value E[u(t)u’(T)]=A_-8(t-T).

In an example, the at least one coupled differential equa-
tion may be based on a Fokker-Planck-Kolmogorov equa-
tion. Thus, the communication device may be configured to

determine the conditional moments in consideration of a
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4

white Gaussian noise signal. The
orov equation may be a forward
orov equation (4):

Fokker-Planck-Kolmog-
Fokker-Planck-Kolmog-

(4)

‘ (X, 1) =
drp

n

_i O(p(X, - H(X, D) +£Z
- 9X; 2

i, =1

& (p(X, - (GALG"))
0X:0X; ’

that may be a solution of the Ito equation (3).

In an example, the Fokker-Planck-Kolmogorov equation
may be continuous in time. Thus, a high oversampling rate
of the received signal may be avoided by not discretizing the
Fokker-Planck-Kolmogorov equation. Further, the commu-
nication device may be reliable and may have a low energy
consumption.

In an example, the at least one conditional moment 1s a
conditional average X(t). Thus, the correction circuit may be
configured to determine the corrected interference estima-
tion signal i a simple manner. Further, the signal that
corresponds to the conditional average X(t) may be the
corrected interterence estimation signal. The conditional
average X(t) may be a conditional expectation value E[X
O)=[Z-p[ZtIC,, C,, ..., C,] dZ of the interference signal
random variable X(t).

In an example, the plurality of conditional moments
includes a conditional variance or a conditional covariance
P(t). Thus, the determination circuit and the correction
circuit may be simple. The conditional covariance P(t) may
be a conditional expectation value E[{X()-X(H)HX(1)-X
(D} 7] in consideration of the interference signal random
variable X(t) and the conditional average X(t).

In an example, the determination circuit may be config-
ured to determine an initial condition of the time evolution
based on the interference signal model. Thus, no additional
circuit may have to be provided to provide the determination
circuit with an initial condition. Further, the communication
device may be simple. In the example of a differential
equation that includes the conditional average and a condi-
tional variance, the 1nitial condition of the conditional aver-
age may be a predefined first initial value m, and the mitial
condition of the conditional variance may be a predefined
second 1mitial value P,.

In an example, the determination circuit may be config-
ured to determine the at least one conditional moment based
on a solution of the at least one coupled differential equation
that may include an integral with respect to the time. Further,
the determination circuit may be configured to integrate, in
an example to approximate, the integral numerically. More-
over, the determination circuit may be configured to deter-
mine processing values of the numerical integration of the
integral at a processing rate that may be higher than a
sampling rate of the sample circuit. Thus, the communica-
tion device may be eflicient and adaptable to sampling rate
requirements of further components of the communication
device 1n a flexible manner.

In an example, the sampling rate may correspond to the
Nyquist frequency. Thus, the communication device may be
energy ellicient.

In an example, the correction circuit may be configured to
determine at least one corrected conditional moment based
on the at least one conditional moment and the signal
sample. Moreover, the corrected interference estimation
signal may include the at least one corrected conditional
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moment of the interference signal states. Thus, the correc-
tion circuit may be configured to determine an accurate
corrected interference estimation signal.

In an example, the at least one corrected conditional
moment may be a corrected conditional average that may be
determined based on the conditional average and the signal
sample.

In an example, the conditional moment may be an expec-
tation value of a state function with respect to conditional
state probabilities that are Bayesian probabilities of the
interference signal states under a first condition based on the
initial condition. Further, the at least one corrected condi-
tional moment may be an expectation value of the state
function with respect to corrected conditional state prob-
abilities that are Bayesian probabilities of the interference
signal states under the first condition and a second condition
based on the signal sample. Thus, the communication device
may be configured to determine a subtraction signal 1n an
ellective and eflicient manner. The corrected conditional
state probabilities may be Bayesian probabilities p[ X, (t,) Y]
in accordance with a formula (5) and (6):

plY;| Xi]-p(X, 1) (3)

JPIY € p&, p)dée

—1

plX(1) | Y] =

m 1
pLYi I X1 = (202 A2

1 T os-l (6)
EKP[—E (Y1) — (X (), 1)) - A - (Y1) — A(X (1), 11)|,

in consideration of a first integer 1 that may be one, prior
probabilities p(X,t,”) a measurement value Y(t,) of the
signal sample, a second integer m that may be a dimension
of the measurement value Y(t,), a second signal function
h(X(t,).t,), a white Gaussian noise value v(t, ), a formula (7)
that relates the measurement value Y(t,) with the interfer-
ence signal states X(t,) at the time t,,

Y(z,)=h(X(1) 2)+v (1)) (7)

and a time t,” that 1s a time an infinitesimal 1nstant before the
sampling time t,. The measurement value Y(t,) may be a
first condition C,. Further, the Bayesian probabilities p[X,
(t,/Y,;] may be conditional probability density functions,
respectively. Moreover, the measurement value Y(t, ) may be
the signal sample of the received signal.

In an example, the at least one corrected conditional
moment may be a plurality of corrected conditional
moments that each are corrected conditional moments of the
interference signal states. Further, the correction circuit may
be configured to determine the corrected conditional
moments of the plurality of corrected conditional moments
based on the conditional moments of the plurality of con-
ditional moments and the signal sample. Thus, the commu-
nication device may be configured to subtract an interfer-
ence signal from the received signal in a reliable and
cllective manner.

In an example, the interference estimation signal may be
a first 1teration determination signal, the plurality of condi-
tional moments may be a plurality of first iteration moments,
the plurality of conditional moment functions may be a
plurality of first iteration moment functions, the corrected
interference estimation signal may be a first corrected inter-
ference estimation signal, the plurality of corrected condi-
tional moments may be a plurality of first corrected 1teration
moments and the signal sample may be a first signal sample.
Further, the correction circuit may be configured to deter-
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mine a {first iteration correction signal that includes the
plurality of first corrected iteration moments. Moreover, the
sample circuit may be configured to sample a second signal
sample of the received signal. The determination circuit may
be configured to determine a plurality of second iteration
moments of the interference signal states that are associated
with a second sampling time of the second signal sample
based on a second time evolution of second iteration
moment functions that if evaluated at the second sampling
time are the second iteration moments, respectively, and on
the first corrected iteration moments as an 1mitial condition
of the time evolution of the second 1teration moment func-
tions. Further, the determination circuit may be configured to
determine a second 1iteration determination signal that
includes the second 1iteration moments. The correction cir-
cuit may be configured to determine a plurality of second
corrected 1teration moments of the interference signal states
based on the second 1teration moments and the second signal
sample. Moreover, the correction circuit may be configured
to determine a second corrected interference estimation
signal that includes at least a single second corrected 1tera-
tion moment of the second corrected iteration moments.
Further, the subtraction circuit may be configured to subtract
the second corrected iterference estimation signal from the
received signal. Thus, the commumication device may be
configured to determine a reliable interference estimation
signal so that the interference signal may be subtracted from
the received signal 1n an eflective and reliable manner. The
example may exemplily an iteration of iteration processes.
In an example, the second corrected iteration moments may
be 1nitial conditions of the determination circuit. The deter-
mination circuit may configured to determine third iteration
moments and the correction circuit may be configured to
determine third corrected iteration moments based on the
third iteration moments.

In an example, the second time evolution may be based on
the Fokker-Planck-Kolmogorov equation. Further, the sec-
ond time evolution may include the second iteration
moments of the plurality of second iteration moment func-
tions.

In an example, the interference signal model 1s one of a
group of interference signal models consisting of a stochas-
tic Markov process model and a chaotic model. Thus, the
communication device may be flexibly adapted to the sta-
tistics of the interference signal.

In an example, the determination circuit may be config-
ured to determine at least one of the conditional moment, the
first 1teration moment, the second iteration moment or the
third 1teration moment based on a nonlinear filtering algo-
rithm that 1s a filtering algorithm of a group of filtering
algorithms consisting of an Extended Kalman Filter, a
second-order Extended Kalman Filter, an Iterated Kalman
Filter, a Quadrature Kalman Filter and an Unscented Kal-
man Filter.

In an example, the correction circuit may be configured to
determine at least one of the corrected conditional moment,
the first corrected iteration moment, the second corrected
iteration moment or the third corrected iteration moment
based on a nonlinear filtering algorithm that 1s a filtering
algorithm of a group of filtering algorithms consisting of an
Extended Kalman Filter, a second-order Extended Kalman
Filter, an Iterated Kalman Filter, a Quadrature Kalman Filter
and an Unscented Kalman Filter.

In an example, the numerical integration may be a
numerical integration of a numerical integration scheme that
1s one of a group of numerical integration schemes consist-
ing of Runge Kutta, Heun and Euler.
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In an example, the determination circuit and the correc-
tion circuit are configured to determine the interference
estimation signal and the corrected interference estimation
signal, respectively, based on a nonlinear filtering algorithm
of a group of filtering algorithms consisting of an Extended
Kalman Filter, a second-order Extended Kalman Filter, an
Iterated Kalman Filter, a Quadrature Kalman Filter and an
Unscented Kalman Filter.

In an example, a communication device 1s provided
including a receiver configured to receive a signal that may
include a first signal and a second signal. Further, the
communication device may include a first determination
circuit configured to determine a first interference estimation
signal of the first signal based on an interference signal
model. Moreover, the communication device may include a
first correction circuit configured to determine a {first cor-
rected interference estimation signal based on the first
interference estimation signal and on a first signal sample
based on the first signal. Further, the communication device
may include a second determination circuit configured to
determine a second interference estimation signal of the first
signal based on the first corrected interference estimation
signal and on the interference signal model. Moreover, the
communication device may include a second correction
circuit configured to determine a second corrected interfer-
ence estimation signal of the first signal based on the second
interference estimation signal and on a second signal sample
based on the second signal. Further, the communication
device may include a subtraction circuit configured to sub-
tract the second corrected interference estimation signal
from the first signal. Thus, the communication device may
be configured to determine an output signal that reliably
excludes an interference signal. The output signal may be a
subtraction signal that 1s the subtraction of the second
corrected interference estimation signal from the first signal.
Further, the output signal may include an information signal
and a white Gaussian noise signal.

In an example, the communication device may 1nclude a
sample circuit configured to sample the first signal sample of
the first signal and the second signal sample of the second
signal. Thus, the communication device may be configured
to determine a reliable interference estimation signal. Fur-
ther, a Gaussian noise signal included in the subtraction
signal may only have weakly correlated statistics.

In an example, the first signal sample may be sampled at
a first sampling time and the second signal sample may be
sampled at a second sampling time. Further, the first deter-
mination circuit may be configured to determine the first
interference estimation signal based on first interference
signal states ol a plurality of first interference signal states
of the interference signal model. The first determination
circuit may be configured to determine at least one first
conditional moment of the first interference signal states that
may be associated with the first sampling time based on a
first time evolution of at least one time dependent first
conditional moment function. The first conditional moment
function may be associated with the interference signal
model and may be the at least one first conditional moment
if evaluated at the first sampling time. The {irst interference
estimation signal may include the at least one first condi-
tional moment of the first interference signal. Further, the
first correction circuit may be configured to determine at
least one first corrected conditional moment that 1s associ-
ated with the first sampling time based on the at least one
first conditional moment and the first signal sample. The first
corrected interference estimation signal may include the at
least one first corrected conditional moment of the first
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interference signal states. Moreover, the second determina-
tion circuit may be configured to determine the second
interference estimation signal based on second interference
signal states of a plurality of second interference signal
states of the interference signal model. The second deter-
mination circuit may be configured to determine at least one
second conditional moment of the second interference signal
states that may be associated with the second sampling time
based on the at least one first corrected conditional moment
and a second time evolution of at least one time dependent
second conditional moment function. The second condi-
tional moment function may be associated with the inter-
terence signal model and may be the at least one second
conditional moment i1f evaluated at the second sampling
time. The second interference estimation signal may include
the at least one second conditional moment. Thus, the
communication device may be configured to exclude the
interference signal 1n a reliable and eflective manner.

In an example, the at least one first conditional moment
may be a plurality of first conditional moments that are
associated with the first sampling time. Further, the at least
one time dependent first conditional moment function may
be a plurality of time dependent first conditional moment
functions that are associated with the interference signal
model and are the first conditional moments 1f evaluated at
the first sampling time, respectively. Moreover, the first time
evolution of the plurality of time dependent first conditional
moment functions may be a time evolution 1n accordance
with at least one coupled diflerential equation that includes
the first conditional moment functions of the plurality of
time dependent first conditional moment functions. Further,
the at least one second conditional moment may be a
plurality of second conditional moments that are associated
with the second sampling time. The at least one time
dependent second conditional moment function may be a
plurality of time dependent second conditional moment
functions that are associated with the interference signal
model and are the second conditional moments if evaluated
at the second sampling time, respectively. Further, the sec-
ond time evolution of the plurality of time dependent second
conditional moment functions may be a time evolution 1n
accordance with at least one coupled differential equation
that may include the second conditional moment functions
of the plurality of time dependent second conditional
moment functions. Thus, the communication device may be
configured to exclude the interference signal from the
received signal 1n a reliable and effective manner.

In an example, the coupled diflerential equation may be
based on the Fokker-Planck-Kolmogorov equation. The

Fokker-Planck-Kolmogorov equation may be continuous 1n
time.

In an example, the at least one first conditional moment
function and the at least one second conditional moment
function may be conditional averages. Thus, the communi-
cation device may be simple. Further, the communication
device may be configured to determine the second corrected
interference estimation signal in a simple manner based on
the conditional average.

In an example, the plurality of first conditional moments
and the plurality of second conditional moments may
include a conditional variance or a conditional covariance,
respectively. Thus, the communication device may be reli-
able and simple.

In an example, the communication device may be con-
figured to determine an initial condition of the first time
evolution based on the interference signal model. The 1nitial
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condition may include a predefined value or a measurement
value based on the received signal.

In an example, the first determination circuit may be
configured to determine the at least one first conditional
moment based on a first solution of the Fokker-Planck-
Kolmogorov equation that includes a first integral with
respect to the time. Further, the first determination circuit
may be configured to integrate the first integral numerically.
Moreover, the first determination circuit may be configured
to determine processing values of the numerical integration
of the first integral at a processing rate that 1s higher than a
sampling rate at which the first signal sample and the second
signal sample are sampled. The second determination circuit
may be configured to determine the at least one second
conditional moment based on a second solution of the
Fokker-Planck-Kolmogorov equation that may include a
second integral with respect to the time. The second deter-
mination circuit may be configured to integrate the second
integral numerically. Further, the second determination cir-
cuit may be configured to determine processing values of the
second numerical integration at the processing rate. Thus,
the communication device may be energy-eflicient and may
avoild high over sampling rate.

In an example, the sampling rate may correspond to the
Nyquist frequency.

In an example, the at least one first conditional moment
may be an expectation value of a state function with respect
to first conditional state probabilities that are Bayesian
probabilities of the first interference signal states under a
first condition based on the initial condition. The at least one
first corrected conditional moment may be an expectation
value of the state function with respect to first corrected
conditional state probabilities that are probabilities of the
first interference signal states under the first condition and a
second condition based on the second signal sample. Fur-
ther, the at least one second conditional moment may be an
expectation value of the state function with respect to second
conditional state probabilities that are Bayesian probabilities
of the second interference signal states under the {first
condition and the second condition. Moreover, the at least
one second corrected conditional moment may be an expec-
tation value of the state function with respect to second
corrected conditional state probabilities that are probabilities
of the second interference signal states under the first
condition, the second condition and a third condition based
on the second signal sample. Further, the at least one second
corrected conditional moment may be associated with the
second sampling time. Further, the at least one second
corrected 1nterference estimation signal may include the
second corrected conditional moment. Thus, the communi-
cation device may be configured to exclude the interference
signal from the received signal 1n a reliable and effective
mannet.

In an example, the at least one first corrected conditional
moment may be a plurality of first corrected conditional
moments that each are first corrected conditional moments
ol the interference signal states. Further, the first correction
circuit may be configured to determine the first corrected
conditional moments of the plurality of first corrected con-
ditional moments based on the first conditional moments of
the plurality of first conditional moments and the first signal
sample. Moreover, the at least one first corrected conditional
moment may be a plurality of first corrected conditional
moments that each are first corrected conditional moments
of the interference signal states. Further, the second correc-
tion circuit may be configured to determine the second
corrected conditional moments of the plurality of second
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corrected conditional moments based on the second condi-
tional moments of the plurality of second conditional
moments and the second signal sample. Thus, the commu-
nication device may be configured to eflectively subtract the
interference signal from the recerved signal.

In an example, the received signal may be a baseband
signal.

In an example, the communication device may include a
model selection circuit configured to select a first interter-
ence signal model from a plurality of predefined interference
signal models based on at least a first statistical property of
the recerved signal that 1s different from a white Gaussian
noise signal. Further, the interference signal model may be
the first interference signal model. Thus, the communication
device may be very ellective in the subtraction of the
interference signal from the recerved signal.

In an example, the interference signal model may include
at least one predetermined function that 1s a function of at
least one of the interference signal states or the time. Further,
the determination of at least one of the conditional moment,
the first conditional moment, the second conditional
moment, the corrected conditional moment, the first cor-
rected conditional moment or the second corrected condi-
tional moment may include at least one output value of the
at least one predetermined function. Moreover, the commu-
nication device may further include an evaluation circuit
configured to determine the at least one output value of the
at least one predetermined function and to transmit the at
least one output value to the determination circuit and the
correction circuit. Further, the determination circuit may be
configured to determine the conditional moment, the first
conditional moment or the second conditional moment
based on the at least one output value of the at least one
predetermined function. Moreover, the correction circuit
may be configured to determine the corrected conditional
moment, the first corrected conditional moment or the
second corrected conditional moment based on the at least
one output value of the at least one predetermined function.
Thus, the communication device may be adapted 1 a
flexible and simple manner to various interference signal
models.

In an example, the communication device may be con-
figured 1n accordance with a communication standard of a
group of communication standards consisting of WikF1, Long
Term Evolution (LTE) and Long Term Evolution Advanced
(LIE-Advanced).

Furthermore, a method for signal determination 1n radio
communication 1s provided that may include receiving a
signal. Further, the method may include determining an
interference estimation signal of the received signal based
on an interference signal model. Moreover, the method may
include determining a corrected interference estimation sig-
nal based on the determined interference estimation signal
and on a signal sample based on the received signal. Further,
the method may include subtracting the corrected interter-
ence estimation signal from the received signal. Thus, an
output signal that excludes an interference signal may be
determined 1n a reliable and eflicient manner. The output
signal may be a subtraction signal that 1s the subtraction of
the corrected interference estimation signal from the
received signal. Further, the output signal may include an
information signal and a white Gaussian noise signal.

Furthermore, a method for signal determination 1n radio
communication 1s provided that may include receiving a
signal that comprises a first signal and a second signal.
Further, the method may include determiming a first inter-
ference estimation signal of the first signal based on an
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interference signal model. Moreover, the method may
include determining a first corrected interference estimation
signal based on the first interference estimation signal and
on a first signal sample based on the first signal. Further, the
method may include determining a second interference
estimation signal of the first signal based on the first cor-
rected interference estimation signal and on the interference
signal model. Moreover, the method may include determin-
ing a second corrected interference estimation signal of the
first signal based on the second interference estimation
signal and on a second signal sample based on the second
signal. Further, the method may include subtracting the
second corrected interference estimation signal from the first
signal. Thus, an output signal may be determined that
excludes an interference signal 1n a reliable and effective
manner. The output signal may be a subtraction signal that
1s the subtraction of the second corrected interference esti-
mation signal from the first signal. Further, the output signal
may include an information signal and a white Gaussian
noise signal.

It should be noted that aspects described in the context of
the previous examples may be analogously valid for the
above provided methods.

FIG. 1 shows a schematic diagram of a mobile radio
communication system 100 based on the Long Term Evo-
lution (LTE) communication standard, a first wireless
mobile device 102 according to an example and a second
wireless mobile device 103. The mobile radio communica-
tion system 100 may have a core network 104 and a radio
access network 106 that includes several LTE base stations
from which a first base station 108 of a first cell 109, a
second base station 110 of a second cell 111 and a third base
station 112 of a third cell 113 are shown. The base stations
108, 110, 112 may be connected with each other and with the
core network 104, respectively. Further, the first base station
108 may transmit a first signal 114 to the first wireless
mobile device 102 and the second base station 110 may
transmit a second signal 116 to the second wireless mobile
device 103. The first wireless mobile device 102 may be
configured to receive a radio frequency signal including a
superposition of the first signal 114, the second signal 116
and a white noise signal. The first signal 114 may be
referenced as information signal. The second signal 116 may
be referenced as interference signal.

FIG. 2 shows a schematic drawing of the first wireless
mobile device 102. The first wireless mobile device 102 may
include an antenna 202, a downconverter 204, an interfer-
ence signal mitigation circuit 206 and a baseband circuit
208. The antenna 202 may be configured to receive the radio
frequency signal and to transmit the received radio fre-
quency signal to the downconverter 204. The downconverter
204 may be configured to convert the received radio fre-
quency signal to a digitized complex baseband signal that
may be amplified with respect to the received radio fre-
quency signal. Further, the downconverter 204 may be
connected to the interference signal mitigation circuit 206
via a first connection 210 that may include a first data line
212 and a second data line 214. The interference signal
mitigation circuit 206 may be connected to the baseband
circuit 208 via a second connection 216 that may include a
third data line 218 and a fourth data line 220.

FIG. 3 shows a schematic drawing of the maitigation
circuit 206, the downconverter 204 and the baseband circuit
208. The mitigation circuit 206 may include a correction
circuit 302, a determination circuit 304, a first delay circuit
305, a first clock circuit 306, a second clock circuit 308 and
a subtraction circuit 309. The determination circuit 304 may
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include a second delay circuit 310, an integration circuit 312
and a sample and hold circuit 314.

Further, the downconverter 204 may be connected with
the first delay circuit 305 via the first connection 210 and a
third connection 303 and with the correction circuit 302 via
the first connection 210 and a fourth connection 307. The
first delay circuit 305 may be connected with the subtraction
circuit 309 via a fifth connection 314. The subtraction circuit
309 may be connected with the baseband circuit 208 via the
second connection 216.

Moreover, the correction circuit 302 may be connected
with the first clock circuit 306, the second delay circuit 310
and the sample and hold circuit 314 via a sixth connection
316, a seventh connection 318 and an eighth connection 320,
respectively.

The second delay circuit 310 may be connected with the
first clock circuit 306, the integration circuit 312 and the
subtraction circuit 309 via a ninth connection 322, a tenth
connection 324 and an eleventh connection 326, respec-
tively.

The integration circuit 312 may be connected with the
first clock circuit 306, the second clock circuit 308 and the
sample and hold circuit 314 via a twelith connection 328, a
thirteenth connection 330 and a fourteenth connection 332,
respectively.

The first clock circuit 306 may be configured to transmit
a first clock signal that periodically indicates first processing
time 1ntervals T , that correspond to sampling time intervals
of the downconverter 204, respectively. Further, the second
clock circuit 308 may be configured to transmit a second
clock signal that periodically indicates second process time
intervals T .. The second clock signal may indicate second
processing time intervals T . that are smaller than the first
processing time intervals T ,, respectively. The second pro-
cessing time intervals T may be predefined 1n consideration

of the first processing time intervals T, and a natural number
N by a formula (8):

(8)

Further, 1n an mitialization phase of the mitigation circuit
206, the determination circuit 304 may be configured to
provide device configuration initial conditions to the inte-
gration circuit 312. Further, the integration circuit 312 may
be configured to receive a first device configuration initial
condition X(t,) ot the device configuration 1nitial conditions
and a second device configuration initial condition P(t,) of
the device configuration initial conditions and to determine
a first initial conditional mean state value X[t,lt,] by a

formula (9):

Xtolto]=X(20), (9)

and a first mitial conditional error covariance value P[t,lt,]
by a formula (10):

Pli,lt,]=P(t,). (10)

The 1nitial condition mean state value f([tﬂltﬂ] may be a
mean value of an 1mitial condition state X[t,It,]. In case of
a one dimensional 1mitial condition state X|[t,It,], the mnitial
condition state X[t,It,] may be a predefined Gaussian dis-
tribution that may have the first device configuration initial
condition X(t,) as a mean value and the second device
configuration 1mitial condition P(t,) as a variance. The mean
value of the predefined Gaussian distribution may be pre-
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defined to be a number, for example 1. P(t,) may be
predefined to be a zero matrix.

In a determination phase of the mitigation circuit 206, the
integration circuit 312 may be configured to receive the first
clock signal and the second clock signal and to determine a
first conditional mean state value X|t, It,] and a first condi-
tional error covariance value P[t,[t,] based on a statistical
radio interference model, the first initial conditional mean
state value X|[t,It,] and the first initial conditional error
covariance value P[t,lt;] 1n consideration of the first clock
signal and the second clock signal. The determination of the
first conditional mean state value X[t,It,] and the first
conditional error covariance value P[t,|t,] based on the first
initial conditional mean state value X[t It,] and the first
initial conditional error covariance value P[t,It,] may be the
beginning of a first iteration process of an iteration. Further,
the integration circuit 312 may be configured to determine a
first output signal including the first conditional mean state
value X[t, It,] and the first conditional error covariance value
P[t,1t;] and to transmit the first output signal to the sample
and hold circuit 314.

The sample and hold circuit 314 may be configured to
receive the first clock signal and to determine a signal
sample of the first output signal of the integration circuit 312
based on the first clock signal. Further, the sample and hold
circuit 314 may be configured to transmit the signal sample
to the correction circuit 302.

Moreover, the downconverter 204 may be configured to
sample a first measurement value Y, of the baseband signal
at a second sampling time t, and to transmit a second
converted signal including the first measurement value Y, to
the correction circuit 302 and to the first delay circuit 305.
The first measurement value Y, may be related to an
interference signal state X(t, ) at the second sampling time t,,
a white Gaussian noise function v(t,) and a first measure-
ment function value h(X(t,),t;) of a measurement function

h(X(t),t) by a formula (11):

Y =h(X(2)),t,)+v(1). (11)

The correction circuit 302 may be configured to determine
a first corrected conditional mean state value X|t,It,] and a
first corrected conditional error covariance value Pt It ]
based on the signal sample received from the sample and
hold circuit 314 and on the first measurement value Y.
Moreover, correction circuit 302 may be configured to
determine a first subtraction sample h(X|t,It,],t;) based on
the measurement function h(X(t),t) and the first corrected
conditional mean state value X[t,;It;] and to determine a
second output signal including the first corrected conditional
mean state value X[t, It, ], the first corrected conditional error
covariance value P[t,It,] and the first subtraction sample
h(X[t,It,].t,) and to transmit the second output signal to the
second delay circuit 310.

The second delay circuit 310 may be configured to
transmit the received second output signal of the correction
circuit 302 to the subtraction circuit 309 and to the integra-
tion circuit 312 after a delay that 1s determined based on the
first clock signal.

Further, the first delay circuit 305 may be configured to
transmit the second converted signal of the downconverter
204 to the subtraction circuit 309 after a delay that is
predetermined 1n such a way that the subtraction circuit 309
may recerve the second converted signal and the second
output signal of the correction circuit 302 that i1s transmaitted
by the first delay circuit 310 at the same time.

The subtraction circuit 309 may be configured to deter-
mine a first output signal that may be a subtraction of a
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signal corresponding to the first subtraction sample h(X
[t,1t,].t,) from the received second converted signal. Further,
the subtraction circuit 309 may be configured to transmit the
first output signal of the subtraction circuit 309 to the
baseband circuit 208. A subtraction of the received second
output signal of the correction circuit 302 from the received
second converted signal by the subtraction circuit 309 may
be the end of the first iteration process.

Moreover, the mtegration circuit 312 may be configured
to receive the second output signal of the correction circuit
302 transmitted by the second delay circuit 310 and to
determine a second conditional mean state value X[t,t,] and
a second conditional error covariance value P[t,It, ] based on
the received second output signal, the interference signal
model and 1n consideration of the first clock signal and the
second clock signal. The determination of the second output
signal of the integration circuit 312 may the beginming of a
second 1teration process of the iteration.

FIG. 4 shows a flow diagram that the integration circuit
312 may be configured to execute to determine an output
signal of a plurality of output signals that may be associated
with a first 1teration 1index value k of the iteration mndex in
consideration of a first interference signal model and the
Extended Kalman Filter as a nonlinear filtering algorithm.
The first interference signal model may be at least one of a
stochastic Markov process model or a chaotic model. The
first 1teration index value k may be a nonnegative natural
number.

The determination of the output signal that 1s associated
with the first iteration index value k may be based in
consideration of a sampling time t,, a time t that fulfills t=t,,
an interference signal state random variable X(t) at the time
t which may also be referenced by X, a first signal function
F(X,1), a first noise function G(X,t), a white Gaussian noise
function u(t), the first initial conditional mean state value
X|[t,lt,], the first mitial conditional error covariance value
P[t,lt;], measurement values Y(t,), . . . , Y(t,), white

(Gaussian noise values v(t,), . . ., v(t,), indices 1 that may be
1, . .., k and the measurement function values h(X(t,),
t,), ..., h(X(t,),t,) on a formula (12) and a formula (13):

X(O=F (X 0+GX1)u(t), (12)

Y(2,)=hX(2,) 1)+ (Z,)- (13)

An terference signal random variable X(t,_,) at the time
t.., may be a random variable that may be the iterference
signal state value X, , with a conditional probability p]
X, .11Y .t ] under the condition of the measurement values
Y(t,), ..., Y(t). The measurement values Y(t,), ..., Y(t,)
may be referenced by Y,, . .., Y,, respectively.

Moreover, the white Gaussian noise function u(t) at time
t may be a random variable that may be related to the
transpose of the white Gaussian noise function u”(T) at time
T by a formula (14) in consideration of an expectation
operator E[ -] that determines an expectation value and a first
function of the time A :

E[u(t)u*(D]=A6(1-T). (14)

The white Gaussian noise values v(t,), . . ., v(t,) may be
random variables that are related to each other by a formula
(15) 1n consideration of integers n and 1 that are smaller or
equal to the first iteration index value k, a Kronecker delta
0,,; and a second tunction A (t) ot the time evaluated at the
sampling time t :

E[Vv({t)V (0)]=A,5:) 0,1 (15)
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Further, a (k+1)-th conditional mean state value X(t,, )
may be an expectation value E[X(t,_,)] of the interference
signal state X(t,, ,) with respect to the conditional probabili-
ties p[ | and may be referenced by X[t ,It.].

Further, the mtegration circuit 312 may be configured to
determine a conditional error covariance value P(t) that may

be the expectation value of a formula (16):

PXH=E[{X(0)-X0) }{X(0)-X(} ],
by a formula (17):

P()=R(P(X;1),)

(16)

(17)

in consideration of a covariance operator function X(P(X,
t),t) that the integration circuit 312 may be configured to
determine by a formula (18):

R(PX.HD=FX®)-PX.H+PX.0)FI(X()+G A, G, (18)

and 1n consideration ot a first derivative function F evaluated
at X(t) which the integration circuit 312 may be configured
to determine by a formula (19):

Jdfix, 1)
dx

(19)

F(X(0)=

X -

In case of the first iteration process, the integration circuit
312 may, 1n 402, be configured to start a first determination
iteration in consideration of the iteration index that may
have the 1teration index value 0, a second 1nteger 1 that may
be 1, a first processing time variable t, , that may be t,, the
first initial conditional mean state value X[t,It,] and the first
initial conditional error covariance value P[t,lt,].

If the first 1teration index value k 1s greater than O a next
iteration process of the iteration may be associated with the
first 1teration index value k. In the next iteration process the
integration circuit 312 may be configured to determine a
(k+1)-th mitial conditional mean state value X[t,It,] and a
(k+1)-th initial conditional error covariance value P[t,It, ] in
a previous 1teration process of the iteration that 1s associated
with an 1teration index value k-1. The integration circuit 312
may, 1n 402, be configured to start a determination 1teration
associated with the first 1teration index value k 1n consider-
ation of the second integer 7 that may be 1, the first
processing time variable t;, , that may be t, and a first
processing mean state value X, | | that may be the (k+1)-th
initial conditional mean state value X]t It,] and a first
processing error covariance value P‘;‘r+l , that may be the
(k+1)-th mitial conditional error covariance value P[t,It,].

The 1ntegrat10n circuit 312 may, 1n 404, be configured to
compare ] with the natural number N. If j 1s not greater than
the natural number N then the integration circuit 312 may be
configured to execute operations of 406.

The integration circuit 312 may, 1 406, be configured to
determine a processing mean state value X;H ,0fa plurahty
of processing mean state values X, , , . . C X N 1N
consideration of the first dertvative function F evaluated at
X411 @ processing time step At that may be determined by

a formula (20):

T
&r:—d,
N

(20)

a second processing time variable t,, ; that may be deter-
mined by a formula (21):

el = lrer1 jo1 AL (21)
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and an operator O acting on a function f evaluated at
X , and t,, ., that may be referenced by (O, A )

k1 -

K111y 1) by a formula (22);

Xk+lJ:Xk+lJ—l+(Ofﬂrjg)(Xk+lJ—l:rk+lJ—l)'

The operator O may be an operator that determines an
approximation of an integration of the function f over the
integration range At. For example the operator O,*’ may be
a Runge-Kutta-operator of the order 1.

The Runge-Kutta-operator O,* of the order 1 may be an
Euler operator that the integration circuit 312 may be
configured to determine by a formula (23):

(22)

(O DX D=ArFX0). (23)

Alternatively, the Runge-Kutta-operator Q> of the order 2
may be a Heun operator that the integration circuit 312 may

be configured to determine in consideration of a formula
(24):

K=5(X1) (24)
and a formula (25):
K5=T(X+Atr-K |, t+Al), (25)
by a formula (26):
26
(ON )X, 1) = 2 Ky + Ky =0

Alternatively, the Runge-Kutta-operator O,* of the order 4
may be a fourth order operator that the integration circuit
312 may be configured to determine 1n consideration of the

formula (24), the formula (25), a formula (27):

K3 =f(X+§-K2,I+§) (27)
and a formula (28):
K, =1 (X+At-K 1) (28)
by a formula (29):
(29)

(O )X, D= ! K +2- K, +2- K3 + K4].

Instead of the Runge-Kutta-operator of the order 1 the
integration circuit 312 may be configured to use other means
of approximation of the integration of the function § over the
integration range At.

Further, the integration circuit 312 may be configured to
determine an processing error covariance value P, , . ot a
plurality of processing error covariance values P, |, . . .,

P, .1 10 consideration of the covariance operator function
R(P(F(Xg 1y )-tgar ;1) by a formula (30):

Pk+1J:P;c+1;—1"‘(OfMR)(P;Hl;—l(F(X;Hu—l):fml;—l):

fierl j—1) (30)

Moreover, the integration circuit 312 may be configured to
assign a new value j, _  to the second 1nteger j by a formula

(31):

Fnew Jt1. (31)
Further, if 1 1s greater than the natural number N 1n the
comparison of 404 the integration circuit 312 may be

configured to execute operations of 408.
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Moreover, the integration circuit 312 may, in 408, be
configured to determine the output signal that corresponds to
the next iteration process associated with the first iteration
index value k as a signal including the (k+1)-th conditional
mean state value X[t..,It,] that may be a processing mean
state value X, 5 of the plurality of processing mean state
values X, | |, ..., X, vand a (k+1)-th conditional error
covariance value P[t,_ It ] that may be a processing error
covariance value P, , 5, of the plurality of processing error
covariance values P, , |, ..., P, 5 Moreover, the time t,
may be the last processing time vanable t,, », in the deter-
mination iteration.

Further, the downconverter 204 may be configured to
transmit a (k+1)-th measurement value Y(t,_ ,) to the first
delay circuit 305 and to the correction circuit 302 1n con-
sideration ot a (k+1)-th value A_(t,_ ) of the second function
A (1) and a (k+1)-th white Gaussian noise value v(t,, ) that

may be related to the white Gaussian noise value v(t,) by a
formula (32):

E[V(t, )V ()] =A (T3 1) 0 11

The (k+1)-th measurement value Y (t,_ , ) may be related to
the interference signal state X(t, ,) by a formula (33):

(32)

Y(t501 )7 X1 Do lp 1)V () (33)

Further, the correction circuit 302 may be configured to
determine a (k+1)-th corrected conditional mean state value
X[t,. It,.,] and a (k+1)-th corrected conditional error cova-
riance value P[t, ,It, ;] by formulas (34) and (35), respec-
tively:

Xt s 1 17X 1 153+ E () Yt )-H(t30 ) Xt

1lz,]}, (34)
Pltgy 11l 17Ky ) H Gy D] Pty 1] I-K g, ) H
(Zr1)] T"‘K(fkﬂ)'Ay(fml)'KT(fml) (35)

in consideration of the (k+1)-th measurement value Y
(t..,), a first dertvative function value H(t, . ,) of a second
derivative function H(t) that the correction circuit 302 may
be configured to determine by a formula (36):

dhix, 1)
0x

(36)

H(If{-l—].) — }?[ﬁ!ﬁl“k]j

a processing mean state value )ﬂ([tk+ ,1t.] of the plurality of
processing mean state values fikﬂﬂlj Ce e ikﬂﬁ and a
processing error covariance value P[t,_,It,] of the plurality
of processing error covariance values P, , ,, ..., P\, a
transpose multidimensional function (-)* of a multidimen-
sional function (), a unit matrix I and a function value
K(t, . ,) that the correction circuit 302 may be configured to
determine in consideration of an inverse matrix {-}~' of a
matrix {-} by a formula (37):

Kt ) =Pl 16 -H (G0 ) {H Gy 1) Pl 1 163 -H (B
1)+Ay(rk+l)}_l'

Further, the correction circuit 302 may be configured to
determine a (k+1)-th subtraction sample h(X[t,.It,.,] t;.,)
based on the measurement tunction h(X(t),t) and the (k+1)-
th corrected conditional mean state value X[t, It ,]. More-
over, the correction circuit 302 may be configured to deter-
mine a next output signal imncluding the (k+1)-th corrected
conditional mean state value X[t,.,It,. ], the (k+1)-th cor-
rected conditional error covariance value P[t,_,It, ] and a
(k+1)-th subtraction sample h(X[t,. ,It,..,] t..,) and to trans-
mit the output signal to the second delay circuit 310.

(37)
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The second delay circuit 310 may be configured to
transmit the received next output signal of the correction
circuit 302 to the subtraction circuit 309 and to the integra-
tion circuit 312 after a delay that 1s determined based on the
first clock signal.

Further, the first delay circuit 305 may be configured to
transmit the next converted signal of the downconverter 204
to the subtraction circuit 309 after a delay that 1s predeter-
mined 1 such a way that the subtraction circuit 309 may
receive the next converted signal and the next output signal
of the correction circuit 302 that i1s transmitted by the first
delay circuit 310 at the same time.

The subtraction circuit 309 may be configured to deter-
mine a next output signal that 1s a subtraction of a signal
corresponding to the (k+1)-th subtraction sample h(X
[t It ] t.. ) that 1s included in the received next output
signal of the correction circuit 302 from the received next
converted signal. Further, the subtraction circuit 309 may be
configured to transmit the next output signal of the subtrac-
tion circuit 309 to the baseband circuit 208. The subtraction
of the recerved next output signal of the correction circuit
302 from the received next converted signal by the subtrac-
tion circuit 309 may be the end of the next iteration process.

The (k+1)-th corrected conditional mean state value X
[t.. It ] may be a (k+2)-th initial conditional mean state
value and the (k+1)-th conditional error covariance value
Pt It ] may be a (k+2)-th initial conditional error cova-
riance value.

FIG. 5§ shows a flow diagram of the determination of
conditional mean state values and corrected conditional
mean state values in connection with the sampling times. As
indicated by a headline row 502, a sampling time refers to
a first column 522, a prediction refers to the determination
of processing mean state value included 1n a second column
524, a measurement refers to measurement values included
in a third column 3526 and a correction refers to corrected
conditional mean state values included 1n a fourth column
528.

The values 1included 1n boxes of a first row 504, a second
row 506, a third row 508, a fourth row 510, a fifth row 512,
a sixth row 514 and a seventh row 516 may be values
associated with the first sampling time t,, the second sam-
pling time t,, the third sampling time t,, a sampling time t,_,,
a sampling time t,_,, a sampling time t, and a sampling time
t.. ., respectively. A first box associated with the first row
504 and the second column 524 may include signal values
that the mtegration circuit 312 may be configured to deter-
mine in the first determination iteration. The integration
circuit 312 may be configured to determine a conditional
mean state value X, in consideration of the initial condi-
tional mean state value X|[t,lt,]. In the first determination
iteration, the integration circuit 312 may be configured to
determine further conditional mean state values 1n consid-
eration of the previous conditional mean state values,
respectively. Moreover, the integration circuit 312 may be
configured to determine a final conditional mean state value
):(l ~ that may be the first conditional mean state value
X[t It5].

A second box associated with the second row 506 and the
third column 526 may include the first measurement value
Y,.

A third box associated with the second row 506 and the
fourth column 3528 may include the first corrected condi-
tional mean state value X[t,It,] that the correction circuit
302 may be configured to determine 1n consideration of the
first conditional mean state value X[t,It,] and the first
measurement value Y.
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A fourth box associated with the second row 506 and the
second column 524 may include processing state values that
the mtegration circuit 312 may be configured to determine in
a second determination 1teration. In the second determina-
tion iteration, the imtegration circuit 312 may be configured
to determine a processing mean state value X, , to be the first
corrected conditional mean state value X[t,It,]. In the sec-
ond determination iteration, the integration circuit 312 may
be configured to determine further conditional mean state
values 1n consideration of the previous conditional mean
state values 1n accordance with the formulas (20) to (30)
with an iteration index value 1, respectively. Moreover, the
integration circuit 312 may be configured to determine a
final conditional mean state value X, ,, that may be the
second conditional mean state value X|[t,It,].

A fifth box associated with the third row 508 and the third
column 526 may include a second measurement value Y ,.

A sixth box associated with the third row 508 and the
tourth column 528 may include the second corrected con-
ditional mean state value X|[t,lt,] that the correction circuit
302 may be configured to determine in consideration of the
second conditional mean state value X[t,lt,;], the iteration
index value 1 and the second measurement value Y, based
on formulas (32) to (37).

A seventh box associated with the third row 508 and the
second column 524 may include processing state values that
the integration circuit 312 may be configured to determine in
a third determination iteration. In the third determination
iteration, the itegration circuit 312 may be configured to
determine a conditional mean state value 5(3:0 to be the
second corrected conditional mean state value X[t,It,]. In
the third determination iteration, the integration circuit 312
may be configured to determine further conditional mean
state values 1n accordance with the formulas (20) to (30)
with an 1teration index value 2 in consideration of the
previous conditional mean state values, respectively. More-
over, the integration circuit 312 may be configured to
determine a final conditional mean state value X, v that may
be a third conditional mean state value X|t,lt,].

An eighth box associated with the fourth row 510 and the
second column 524 may include a processing state value
ik_l  that the integration circuit 312 may be configured to
determine 1n a determination iteration associated with an
iteration index value k-2. The processing state value X;_,
may be a (k—-1)-th conditional mean state value X[t,_,It,_,].

A ninth box associated with the fifth row 512 and the third
column 526 may include a measurement value Y, _,.

A tenth box associated with the fifth row 512 and the
fourth column 528 may include a (k—1)-th corrected condi-
tional mean state value X[t,_, It,_,] that the correction circuit
302 may be configured to determine 1n consideration of a
(k=1)-th conditional mean state value X[,_,It,_,], the mea-
surement value Y,_, and the iteration index value k-1 based
on formulas (32) to (37).

An eleventh box associated with the fifth row 512 and the
second column 524 may include processing state values that
the integration circuit 312 may be configured to determine in
a determination iteration associated with the iteration index
value k-1. In the determination iteration associated with the
iteration index value k-1, the integration circuit 312 may be
configured to determine a conditional mean state value f{m)
to be the (k-1)-th corrected conditional mean state value
X[t,_,It,_,]. In the determination iteration associated with
the 1teration index value k-1, the integration circuit 312 may
be configured to determine further conditional mean state
values 1n consideration of the previous conditional mean
state values, respectively, 1n accordance with the formulas
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(20) to (30) with an 1teration index value k—1. Moreover, the
integration circuit 312 may be configured to determine a
final conditional mean state value X, ., that may be a k-th
conditional mean state value X[t It,_,].

A twellth box associated with the sixth row 514 and the
third column 526 may include a measurement value Y.

A thirteenth box associated with the sixth row 514 and the
fourth column 528 may include a k-th corrected conditional
mean state value X|[t,It,] that the correction circuit 302 may
be configured to determine in consideration of the k-th
conditional mean state value X|[t It,_,], the measurement
value Y, and the iteration index value k-1 based on formulas
(32) to (37).

A Tourteenth box associated with the sixth row 514 and
the second column 524 may 1nclude processing state values
that the integration circuit 312 may be configured to deter-
mine 1n a determination iteration associated with k. In the
determination 1teration associated with k, the integration
circuit 312 may be configured to determine a conditional
mean state value X, ,, , to be the k-th corrected conditional
mean state value X[t It,]. In the determination iteration
associated with k, the integration circuit 312 may be con-
figured to determine further conditional mean state values 1n
consideration of the previous conditional mean state values,
respectively, 1n accordance with the formulas (20) to (30)
with an iteration index value k. Moreover, the integration
circuit 312 may be configured to determine a final condi-
tional mean state value f(kﬂ ~ that may be a (k+1)-th
conditional mean state value X|t,_,It.].

A fifteenth box associated with the seventh row 516 and
the third column 526 may include a measurement value
Y,i'-:+l'

A sixteenth box associated with the seventh row 516 and
the fourth column 528 may include a (k+1)-th corrected
conditional mean state value X[t,_,It._ ] that the correction
circuit 302 may be configured to determine in consideration
of the (k+1)-th conditional mean state value X|t,_,It.], the
measurement value Y, , and the iteration index value k
based on formulas (32) to (37).

In an example of an integration circuit that may be
configured to determine an output signal in consideration of
a nonlinear filtering algorithm that 1s not an Extended
Kalman Filter, the formulas (17), (18), (19), (30), (34), (35),
(36) and (37) may be adapted.

FIG. 6 shows a schematic diagram of a lag-two smoother
602, the downconverter 204 and the baseband circuit 208 of
a third wireless mobile device according to an example.
Features of the example of FIG. 6 that correspond to those
of the example of FIG. 1, FIG. 2, FIG. 3, FIG. 4 and FIG.
5 are 1ndicated by the same reference numerals.

The lag-two smoother 602 may include a nonlinear filter
604, a first lag processing stage 606, a second lag processing
stage 608, a third delay circuit 638 instead of the first delay
circuit 305 and a subtraction circuit 640 instead of the
subtraction circuit 309. The nonlinear filter 604 may include
a first determination circuit 610 and a first correction circuit
612. Further, the first lag processing stage 606 may include
a second determination circuit 614 and a second correction
circuit 616. Moreover, the second lag processing stage 608
may include a third determination circuit 618 a third cor-
rection circuit 620.

In the example, the third wireless mobile device may
include the Extended Kalman Filter as nonlinear filtering
algorithm. Instead of the Extended Kalman Filter, the non-
linear filter 604, the first lag processing stage 606 and the
second lag processing stage 608 may be configured to
determine output signals in consideration of the second
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order Extended Kalman Filter, the Iterated Kalman Filter,
the Quadrature Kalman Filter or the Unscented Kalman
Filter.

Further, the downconverter 204 may be connected with
the first correction circuit 612 via the fourth connection 307,
the second correction circuit 616 via a fifteenth connection
622, the third correction circuit 620 via a sixteenth connec-
tion 624 and with the third delay circuit 638 via the third
connection 303. The first correction circuit 612 may be
connected with the first determination circuit 610 via a
seventeenth connection 626 that may include the seventh
connection 318 and the tenth connection 324. Further, the
first correction circuit 612 may be connected with the first
determination circuit 610 via an eighteenth connection 628
that may include the fourteenth connection 332 and the
eighth connection 320. Moreover, the first correction circuit
612 may be connected with the second determination circuit
614 via a nineteenth connection 630.

The second determination circuit 614 may be connected
with the second correction circuit 616 via a twentieth
connection 632 and with the first determination circuit 610
via a twenty-first connection 633. The second correction
circuit 616 may be connected with the third determination
circuit 618 via a twenty-second connection 634. The third
determination circuit 618 may be connected with the first
determination circuit 610 via a twenty-third connection 635.
Further, the third correction circuit 620 may be connected
with the subtraction circuit 640 via a twenty-fourth connec-
tion 636. The subtraction circuit 640 may be connected with
the baseband circuit 208 via the second connection 216.

The first determination circuit 610 may be configured to
determine the k-th conditional mean state value X[t It,_, ]
and the k-th conditional error covariance value P[t, It,_,] as
the determination circuit 304 according to the example of
FIG. 3. Further, the first correction circuit 612 may be
configured to determine an output signal including the k-th
corrected conditional mean state value X[tkltk] and the k-th
corrected conditional error covariance value P[t, It,] based
on the first device configuration initial condition X(t,), the
second device configuration 1nitial condition P(t,) and mea-
surement values Y(t, ), , Y(t,) that the first correction
circuit 612 may be configured to receive from the down-
converter 204, the k-th conditional mean state value X
[t.It,_,] and the k-th conditional error covariance value
Pt It,_,] as the correction circuit 312. Further, the first
correction circuit 612 may be configured to transmit the
determined output signal to the second determination circuit
614.

The second determination circuit 614 may be configured
to determine a first initialization value X,[t,*It,], a second

initialization value P,[t,*It,] and a third initialization value
P, [t;"It;] by formulas (38), (39) and (40), respectively:

X\ [6:16] =Xt 1), (38)
P [t 1t =P[#; 11, ] (39)
and

P[54 ]=Plg (40)

in consideration of the k-th corrected conditional mean state
value X[t It,], the k-th corrected conditional error covari-
ance value Pt It, ], an infinitesimal value € and a first time
constant t,* that the second determination circuit 614 may be
configured to determine by t,"=(t, +&).

The second determination circuit 614 may be configured to
determine a first conditional mean state lag-one value X,
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[t..(It.], a first conditional error covariance lag-one value
P, [t ,It.] and a first conditional error covariance lag-one-
one value P, [t;,,It,] by formulas (41), (42) and (43),

respectively:

(41)

X[t | 5] = X1 [ | 2],

e+ 1 (42)
Pl | ol =f P le]a]- Flg ldr,
t

_|_
k

(43)

Piilteer | 5] = Praley | 1,

in consideration of the first initialization value X 71t ], the
second 1nitialization value P, [t "It ], the third initialization
value P, [t,7It.], the infinitesimal value €, the first time
constant t,” and a numerical 1ntegration

il
Pile]g]-
T+

k

Flr, |dr.

Moreover, the second determination circuit 614 may be
configured to determine an output signal that includes the
determined values and to transmit the output signal to the
second correction circuit 616.

Further, the first determination circuit 610 may be con-
figured to determine the (k+1)-th conditional mean state
value X[t ,It;] and the (k+1)-th conditional error covari-
ance value P[t,_ ,It,] and to transmit determined values to the
second determination circuit 614. The second determination
circuit 614 may be configured to transmit the (k+1)-th
conditional mean state value X|[t, ,It,] and the (k+1)-th
conditional error covariance value P[t, It ] to the second
correction circuit 616. As an alternative, the first determi-
nation circuit 610 may be configured to transmit the (k+1)-th
conditional mean state value X[t ,It,] and the (k+1)-th
conditional error covariance value P[(t, ,It,] to the second
correction circuit 616 via an appropriately provided connec-
tion that may connect the first determination circuit 610 with
the second correction circuit 616.

The second correction circuit 616 may be configured to
receive a (k+1)-th measurement value Y (t,, ;) that the down-
converter 204 may be configured to sample at a (k+1)-th
sampling time t,, ;. Further, the second correction circuit 616
may be configured to determine a first corrected conditional
mean state lag-one value X[t ,It.. ], a first corrected
conditional error covariance lag-one value P, [t It ;] and
a first corrected conditional error covariance lag-one-one

value P [t ,It, ] by formulas (43), (44), (45) and (46):

K (1 )=P 1 [t 11 H (1) {H(ty ) Pltye 14 H (s

D+A )} 43
X[ty Mot 12X [t | HK () { Yt )-H (8, ' X

[fr1 2] ) (44)
Pl 1Pl 11K (G 1) Pl 1] 45)
and
Pyttt 15P 1 1 [t (] - Ky (T 1) H (e 1) P [He41 12 (46)

in consideration of the (k+1)-th measurement value Y(t,_,),
the first derivative function value H(t,, ,), the (k+1)-th value

A (t;,,) of the second function A (t), the (k+1)-th condi-
tlonal mean state value X[t,.,It,] and the (k+1)-th condi-
tional error covarniance value P[(t,, ,It.]. Further, the second
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correction circuit 616 may be configured to determine an
output signal that may include the determined values of the
second correction circuit 616 and to transmit the output
signal to the third determination circuit 618.

The third determination circuit 618 may be configured to
determine a fourth initialization value X, [t ,"It..,], a fifth
initialization value P,[t,  "It, ] and a sixth mmtialization
value P, ,[t,,,"It,. ] by formulas (47), (48) and (49), respec-
tively:

X[t 1 V3 1=K [y 111 (47)
P [t 1 s 117P [Tt B 1] (48)
and

P o[t Mt 7P 11 B 1 1 1] (49)

in consideration of the first corrected conditional mean state
lag-one value X[t ,It. (], the first corrected conditional
error covariance lag-one value P,[t,.,It, ], the first cor-
rected conditional error covariance lag-one-one value P,
[t.. It ], the infinitesimal value & and a second time
constant t,_ ,* that the third determination circuit 618 may be
configured to determine by t, _,"=(t, ,+S).

Further, the third determination circuit 618 may be con-
figured to determine a first conditional mean state lag-two
value X,[t,.,It,..,], a first conditional error covariance lag-
two value P,[t, ,It,, ] and a first conditional error covari-
ance lag-two-two value P, ,[t;,,It,, , | by formulas (50), (51)
and (52), respectively:

Xolteiz | tee1] = Xolthoy | et s (50)

T+2 (51)
Poltyin |ty ] = f Polt|tpir ] Fligs ldr,
f

_|_
f+1

Pooltiin | il = Panltig | st ], (52)

in consideration of the fourth initialization value X,[t,,,*
t, . ,], the fifth initialization value P, [t,, ,7It, ] and the sixth
initialization value P, , [t 7It,, | |. the mfimitesimal value €,
the second time constant t,_,* and a numerical integration

42
f PZ[I|Ik+1]'F[fk+1]dI.
!

_|_
k+1

Moreover, the third determination circuit 618 may be con-
figured to determine an output signal that may include the
determined values and to transmit the output signal to the
third correction circuit 620.

Further, the first determination circuit 610 may be con-
figured to determine a (k+2)-th conditional mean state value
X[t ,t,, ;] and a (k+2)-th conditional error covariance
value P[t,, ,It, ;] and to transmit the determined values to
the third determination circuit 618. The third determination
circuit 618 may be configured to transmit the (k+2)-th
conditional mean state value X[t, It, ] and the (k+2)-th
conditional error covariance value P[t,_ ,It, ] to the third
correction circuit 620. As an alternative, the first determi-
nation circuit 610 may be configured to transmit the (k+2)-th
conditional mean state value X[t, ,lIt, ;] and the (k+2)-th
conditional error covanance value P[t, ,lIt, ;] to the third
correction circuit 620 via an appropriately provided connec-
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tion that may connect the first determination circuit 610 with
the third correction circuit 620.

The third correction circuit 620 may be configured to
receive a (k+2)-th measurement value Y(t,_,) that the down-
converter 204 may be configured to sample at a (k+2)-th
sampling time t,_ .. Further, the third correction circuit 620
may be configured to determine a first corrected conditional
mean state lag-two value X, [t ,It, -], a first corrected
conditional error covariance lag-two value P,[t, ,It, ] and

a first corrected conditional error covariance lag-two-two
value P, ,[t,.,It;, -] by formulas (53), (54), (55) and (56):

Kot 2) =P s s - H () {H(t2) Plteoti ] H d

(fmz)"'/\y(fmz)}_l (53)
Xo[ths a2 - 5 [ e 1 ] HE (Ban ) { Y(tp00)-H(t;,2) X

(o ltiei ]} (54)
Pyt ot o 1785 ot (1=K (G0 H G 0 ) Pl 015 ] (55)
and
P o[t ti2)7P5 o[ty 1Kot 2) HEy 0) P 1

21t 1] (56)

in consideration of the (k+2)-th measurement value Y(t,_ ).
a second derivative function value H(t, ,) of the second
derivative function H(t), a (k+2)-th value A (t,,,) of the
second function A (1), the (k+2)-th conditional mean state
value X[t ,It,, ;] and the (k+2)-th conditional error cova-
riance value P[t, ,It, ,]. Further, the third correction circuit
620 may be configured to determine a smoother subtraction
sample h(X,[t.. -t ].t..») based on the measurement func-
tion h(X(t),t) and the first corrected conditional mean state
lag-two value X,[t,.,It,.,]. Moreover, the third correction
circuit 620 may be configured to determine an output signal
that includes the smoother subtraction sample h(X,[t,. .|
t..-].t;. ») and to transmit the output signal to the subtraction
circuit 640.

Further, a lag-i value X [t It ] may be a value X[t,_It ]
in consideration of integers 1, n and m. Moreover, a lag-i
value Pt It | may be a value P[t__ It ]. Further, a lag-1-1
value P, [t,It, ] may be a value P[t,_,It, ]. As an example, the
second corrected conditional mean state lag-two value
Xolteislti, ] may be a smoothed conditional mean state
value X|[t It ,].

Further, the downconverter 204 may be configured to
transmit the signal portion including the measurement value
Y(t,) to the third delay circuit 638. The third delay circuit
638 may be configured to delay and transmait the signal
portion including the measurement value Y(t,) such that the
output signal of the third correction circuit 620 and the
signal portion including the measurement value Y (t,) arrive
at the same time.

The subtraction circuit 640 may be configured to deter-
mine an output signal that may be a subtraction of a signal
corresponding to the smoother subtraction sample h(X,
[t It 5]t ,) from the signal portion that includes the
measurement value Y(t,). Further, the subtraction circuit 640
may be configured to transmit the output signal of the
subtraction circuit 640 to the baseband circuit 208.

In a snapshot view at the sampling time t,_ ., the first
correction circuit 612 may be configured to determine a
(k+2)-th corrected conditional mean state value X|[t,_ ,It, ]
and a (k+2)-th corrected conditional error covariance value
P[t,,,lt. ,]. Further, the second determination circuit 614
may be configured to determine at the sampling time t;, a
(k+2)-th conditional mean state lag-one value X, [t -t ],

a (k+2)-th conditional error covariance lag-one value P, [t,
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>lt, . ;] and a (k+2)-th conditional error covariance lag-one-
one value P, [t It ]. Moreover, the second correction
circuit 616 may be configured to determine at the sampling
time t,, ., a first corrected conditional mean state lag-one
value X, [t,.,It,. ], a first corrected conditional error cova-
riance lag-one value P, [t ,|t, -] and a first corrected con-
ditional error covariance lag-one-one value P, [t, ,It;.-].
Further, the third determination circuit 618 may be config-
ured to determine at the sampling time t,_, the first condi-
tional mean state lag-two value iz[tk+2|tk+l],, the first con-
ditional error covariance lag-two value P,[t, It ,] and the
first conditional error covariance lag-two-two value P, ,
[t.. -t ]. Moreover, the third correction circuit 620 may be
configured to determine the first corrected conditional mean
state lag-two value iz[tk+2ltk+2], the first corrected condi-
tional error covariance lag-two value P, [t ,It, ] and the
first corrected conditional error covariance lag-two-two
value P, 5[ty t, -]

All other aspects of the first determination circuit 610 may
correspond to aspects of the first determination circuit 312
according to the example of FIG. 3. All other aspects of the
first correction circuit 612 may correspond to aspects of the
first correction circuit 302 according to the example of FIG.
3. All other aspects of the lag-two smoother 602 may
correspond to aspects of the interference signal mitigation
circuit 206. Further, all other aspects of the wireless mobile
device according to the example of FIG. 6 may correspond
to aspects of the wireless mobile device 102 according to the
example of FIG. 1, FIG. 2, FIG. 3, FIG. 4 and FIG. 5.

FIG. 7 shows a schematic drawing of the downconverter
204, the baseband circuit 208 and an adaptive mitigation
circuit 702 of a fourth wireless mobile device according to
an example. The adaptive mitigation circuit 702 may include
a model selection circuit 704, an interference signal model
circuit 706 and an adaptive subtraction circuit 710. The
adaptive subtraction circuit 710 may include an adaptive
correction circuit 712, an adaptive integration circuit 714
and a detection delay circuit 708. Features of the example of
FIG. 7 that correspond to those of the examples of FIG. 1 to
FIG. 6 are indicated by the same reference numerals.

The downconverter 204 may be connected with the detec-
tion delay circuit 708 via a twenty-fifth connection 716 and
with the model selection circuit 704 via a twenty-sixth
connection 718. The model selection circuit 704 may be
connected with a first evaluation circuit 720 of the interfer-
ence signal model circuit 706 via a twenty-seventh connec-
tion 722 and with a second evaluation circuit 724 of the
interference signal model circuit 706 via a twenty-eighth
connection 726. The first evaluation circuit 720 may be
connected with the adaptive integration circuit 714 via a
twenty-ninth connection 728. The second evaluation circuit
724 may be connected with the adaptive correction circuit
712 via a thirtieth connection 730.

Further, the downconverter 204 may be configured to
transmit a signal sample included in the converted baseband
signal to the detection delay circuit 708, the first delay
circuit 305 and the model selection circuit 704. The model
selection circuit 704 may be configured to select a first
interference signal model from a plurality of interference
signal models based on the statistics of a received signal that
1s included 1n the baseband signal. The first interference
signal model may include model functions §,(X,t), G,(X.,t),
v,(1), h,(X;t), A, ; and A ;. Further, the model functions
F1(Xit), G (X), vi(1), hy(X,t), A, and A, may be the
functions f(X,t), G(X.t), v(t), h(X;t), A, and A, of the
example of FIG. 1 to FIG. 5, respectively.
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In an example, the model selection circuit 704 may
include a neural network circuit that may be configured to
select the first interference signal model from the plurality of
interference signal models based on a statistical property of
the recerved signal that 1s different from a statistical property
of white Gaussian noise. In an example, the model selection
circuit 704 may include a statistics determination circuit that
may be configured to determine a model classification rule
for a set of interference signal models based on the most
prominent set of statistical differences between the interfer-
ence signal models. Further, the model selection circuit 704
may be configured to transmit an output signal including a
model detection information of the selected interference
signal model to the first evaluation circuit 720 and the
second evaluation circuit 724.

The first evaluation circuit 720 may be configured to
determine integration process function values of the func-
tions §, F, A, G and R that are included in the formulas (18)
to (31) and to transmit the integration process function
values to the adaptive integration circuit 714. Alternatively,
the first evaluation circuit 720 may be configured to deter-
mine integration process function values of F, F and
G-A_G”. In case of the Extended Kalman Filter, the adaptive
integration circuit 714 may be configured to receive the
integration process function values and to determine the
processing mean state values iml:lj e X ~ and the
processing error covariance values P, ,, ..., P, » based
on the recerved integration process function values and the
formulas (18) to (31) 1n consideration of the first 1teration
index value k.

Further, the second evaluation circuit 724 may be con-
figured to determine correction process function values of
the tunctions A, h, H and v that are included in the formulas
(32) to (37) and to transmit the integration process function
values to the adaptive correction circuit 712. The adaptive
correction circuit 714 may be configured to receive the
correction process function values and to determine the
conditional mean state value X[k+1,k+1] and the conditional
error covariance value P[t,  It, ;] based on the received
correction process function values and the formulas (32) to
(3'7) 1n consideration of the first iteration index value k.

Moreover, the detection delay circuit 708 may be config-
ured to delay the signal sample such that the model selection
circuit 704 has selected the first interference signal model,
the adaptive correction circuit 712 has determined the cor-
rection process function values and the adaptive integration
circuit 714 has determined the integration process function
values.

All other aspects of the adaptive mtegration circuit 714
and the adaptive correction circuit 712 may correspond to
aspects of the integration circuit 312 and the correction
circuit 302 according to the example of FIGS. 2 to 5,
respectively. All other aspects of the adaptive subtraction
circuit 710 may correspond to aspects of the interference
signal mitigation circuit 206 according to the example of
FIGS. 2 to 5. Further, all other aspects of the fourth wireless
mobile device may correspond to aspects of the first wireless
mobile device 102.

In an example, the first interference signal model of the
examples of FIGS. 1 to 7 may be a chaotic model of a

Unified Chaotic System (UCS). The Unified Chaotic System

may include system equations that may be a system of a first
formula (57), a second formula (58) and a third formula

(39):
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&1 = (25a + 10)(xy — xp), (57)
Xy = (28 = 35a)x; — x1x3 + (292 — 1 )xs, (58)
and
_ o+ 8 (59)
X3 :X1X2—( 3 ]Xg

in consideration of a parameter a that may have a value of
the domain [0, 1] and three state variables of the model from
which a first state variable may be reterenced by X,, a second
state variable may be referenced by x, and a third state
variable may be referenced by x;. If a0 1s 0, 0.8 or 1 the
chaotic model may be a model of the Lorenz chaotic system,
the LU chaotic system or the Chen chaotic system, respec-
tively. The chaotic model may be deterministic and may
have similar properties to stochastic interference signal
models. Further, the chaotic model may be selected and/or
predefined to be the first interference signal model 1f a one
dimensional probability density function of a received sig-
nal, a two dimensional probability density function of the
received signal or other statistical properties of the received
signal fit the statistics of a nonlinear function of the state
variables of the chaotic model.

The chaotic model may include a first model function ¥,
that may be the function f of formula (12). Further, at least
one ol the model selection circuit 704, the first evaluation
circuit 720, the second model evaluation circuit 724, the
integration circuit 312 or the correction circuit 302 may be

configured to determine the first model function f, by a
tormula (60):

-

/ (259 + 1O){(xo(1) — x (1))

FX, 1) = (28 = 3da)x (1) — x1 (£)x3(1) + (29 — 1)x5(7) |

o+ 3
Xl(f)xz(f)—( 3 ]X3(f)

(60)

in consideration of scalar functions x, (1), X, (t) and x5 (t) of
the time and an interference signal random variable X(t) that
may be (x,(1),x,(1),X5(1))".

Further, the chaotic model may include a second model
function G, that may be the function G of formula (12).
Moreover, at least one of the model selection circuit 704, the
first evaluation circuit 720, the second model evaluation
circuit 724, the integration circuit 312 or the correction
circuit 302 may be configured to determine the second
model function G, by a formula (61):

"* (61)
GX.0=|Dp |,

in consideration of noise gain constants D, D, and D,

that may be greater than 0, much smaller than 1, time
invariant and independent of the interference signal random
variable X.

Moreover, the chaotic model may include a third model
function h, that may be an output function of the chaotic
model and the function h of formula (13). Moreover, at least
one ol the model selection circuit 704, the first evaluation
circuit 720, the second model evaluation circuit 724, the
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integration circuit 312 or the correction circuit 302 may be
configured to determine the third model function h, by a
formula (62):

Xt 1 )oliee )X (B 1) (62)

in consideration of the interference signal random variable
X(t) that may be

CNGEAGEN

Further, 1n case of the example of FIG. 7, the model
selection circuit 704 may be configured to determine a {it of
the third model function h; to the one dimensional prob-
ability density function of the received signal, the two
dimensional probability density function of the received
signal or other statistical properties of the received signal.
The model selection circuit 704 may be configured to select
the chaotic model as first interference signal model based on
a comparison of the fit of the third model function h, and fits
of model output functions of interference signal models of
the plurality of interference signal models to the respective
statistical property of the received signal.

FIG. 8 shows a method for signal determination in radio
communication. The method may include, 1n 802, receiving
a signal.

The method may further include, 1n 804, determining an
interference estimation signal of the received signal based
on an interference signal model.

The method may further include, in 806, determining a
corrected interference estimation signal based on the deter-
mined 1nterference estimation signal and on a signal sample
of the received signal.

The method may further include, 1n 808, subtracting the
corrected interference estimation signal from the received
signal.

FIG. 9 shows a method for signal determination in radio
communication. The method may include, 1 902, receiving
a signal that comprises a first signal and a second signal.

The method may further include, 1n 904, determining a
first interference estimation signal of the first signal based on
an mterterence signal model.

The method may further include, in 906, determining a
first corrected interference estimation signal based on the
first interference estimation signal and on a first signal
sample based on the first signal.

The method may further include, 1n 908, determining a
second 1nterference estimation signal of the first signal based
on the first corrected interference estimation signal and on
the 1nterference signal model.

The method may further include, 1n 910, determining a
second corrected interference estimation signal of the first
signal based on the second interference estimation signal
and on a second signal sample based on the second signal.

The method may further include, 1n 912, subtracting the
second corrected interference estimation signal from the first
signal.

It should be noted that aspects described 1n the context of
the wireless mobile devices according to the examples of
FIG. 1 to FIG. 7 are analogously valid for the methods that
are illustrated 1n the context of FIG. 8 and FIG. 9.

In the following, various aspects of this description waill
be illustrated:

Example 1 1s a communication device. The communica-
tion device may include a receiver configured to receive a
signal, a determination circuit configured to determine an
interference estimation signal of the received signal based
on an interference signal model, a correction circuit config-
ured to determine a corrected interference estimation signal
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based on the determined interference estimation signal and
on a signal sample based on the received signal and a
subtraction circuit configured to subtract the corrected inter-
ference estimation signal from the received signal.

In Example 2, the subject matter of Example 1 can
optionally include that the communication device may
include a sample circuit configured to sample the signal
sample of the signal.

In Example 3, the subject matter of any one of Examples
1 to 2 can optionally include that the determination circuit
may be configured to determine the interference estimation
signal based on interference signal states of a plurality of
interference signal states of the interference signal model.
The determination circuit may be configured to determine at
least one conditional moment of the interference signal
states associated with a sampling time of the signal sample
based on a time evolution of at least one time dependent
conditional moment function associated with the interfer-
ence signal model and may be the at least one conditional
moment 11 evaluated at the sampling time. The determined
interference estimation signal may include the at least one
conditional moment of the interference signal states.

In Example 4, the subject matter of Example 3 can
optionally include that the at least one conditional moment
may be a plurality of conditional moments that may be
associated with the sampling time. The at least one time
dependent conditional moment function may be a plurality
ol time dependent conditional moment functions associated
with the interference signal model and may be the condi-
tional moments i1f evaluated at the sampling time, respec-
tively. The time evolution of the plurality of time dependent
conditional moment functions may be based on at least one
coupled differential equation that may include the condi-
tional moment functions of the plurality of time dependent
conditional moment functions.

In Example 5, the subject matter of Example 4 can
optionally include that the coupled differential equation may
be based on a Fokker-Planck-Kolmogorov equation.

In Example 6, the subject matter of Example 5 can
optionally 1include that the Fokker-Planck-Kolmogorov
equation may be continuous in time.

In Example 7, the subject matter of any one of Examples
3 to 6 can optionally include that the at least one conditional
moment may be a conditional average.

In Example 8, the subject matter of any one of Examples
4 to 7 can optionally include that the plurality of conditional
moments may include a conditional variance or a condi-
tional covariance.

In Example 9, the subject matter of any one of Examples
3 to 8 can optionally include that the commumnication device
may be configured to determine an 1nitial condition of the
time evolution based on the interference signal model.

In Example 10, the subject matter of any one of Examples
4 to 9 can optionally include that the determination circuit
may be configured to determine the at least one conditional
moment based on a solution of the coupled differential
equation that may include an integral with respect to the
time. The determination circuit may be configured to inte-
grate the integral numerically. The determination circuit may
be configured to determine processing values of the numerti-
cal integration of the integral at a processing rate that may
be higher than a sampling rate of the sample circuit.

In Example 11, the subject matter of Examples 10 can
optionally include that the sampling rate corresponds to the
Nyqumay bet frequency.

In Example 12, the subject matter of any one of Examples
3 to 11 can optionally include that the correction circuit may
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be configured to determine at least one corrected conditional
moment based on the at least one conditional moment and
the signal sample. The corrected interference estimation
signal may include the at least one corrected conditional
moment of the interference signal states.

In Example 13, the subject matter of Example 12 can
optionally 1include that the at least one corrected conditional
moment may be a corrected conditional average that may be
determined based on the conditional average and the signal
sample.

In Example 14, the subject matter of any one of Examples
12 to 13 can optionally include that the conditional moment
may be an expectation value of a state function with respect
to conditional state probabilities that may be Bayesian
probabilities of the interference signal states under a first
condition based on the initial condition. The at least one
corrected conditional moment may be an expectation value
of the state function with respect to corrected conditional
state probabilities that may be probabilities of the interfer-
ence signal states under the first condition and a second
condition based on the signal sample.

In Example 13, the subject matter of any one of Examples
4 to 14 can optionally include that the at least one corrected
conditional moment may be a plurality of corrected condi-
tional moments that each may be corrected conditional
moments of the interference signal states. The correction
circuit may be configured to determine the corrected con-
ditional moments of the plurality of corrected conditional
moments based on the conditional moments of the plurality
of conditional moments and the signal sample.

In Example 16, the subject matter of any one of Examples
4 to 15 can optionally include that the interference estima-
tion signal may be a first 1teration determination signal, the
plurality of conditional moments may be a plurality of first
iteration moments, the plurality of conditional moment
functions may be a plurality of first iteration moment
functions, the corrected interference estimation signal may
be a first corrected interference estimation signal, the plu-
rality of corrected conditional moments may be a plurality of
first corrected 1teration moments and the signal sample may
be a first signal sample. The correction circuit may be
configured to determine a first iteration correction signal that
may 1include the plurality of first corrected 1teration
moments. The sample circuit may be configured to sample
a second signal sample of the received signal. The determi-
nation circuit may be configured to determine a plurality of
second 1teration moments ol the interference signal states
that may be associated with a second sampling time of the
second signal sample based on a second time evolution of
second iteration moment functions that 1f evaluated at the
second sampling time may be the second 1teration moments,

respectively, and on the first corrected iteration moments as
an 1nitial condition of the time evolution of the second
iteration moment functions. The determination circuit may
be configured to determine a second 1teration determination
signal that may include the second iteration moments. The
correction circuit may be configured to determine a plurality
ol second corrected iteration moments of the interference
signal states based on the second 1teration moments and the
second signal sample. The correction circuit may be con-
figured to determine a second corrected interference estima-
tion signal that may 1nclude at least a single second corrected
iteration moment of the second corrected 1teration moments.
The subtraction circuit may be configured to subtract the
second corrected interference estimation signal from the
received signal.
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In Example 17, the subject matter of Example 16 can
optionally include that the second time evolution may be
based on the Fokker-Planck-Kolmogorov equation. The
Fokker-Planck-Kolmogorov equation may include the sec-
ond 1teration moments of the plurality of second iteration
moment functions.

In Example 18, the subject matter of any one of Examples
3 to 17 can optionally include that the interference signal
model may be one of a group of interference signal models
consisting of a Markov process model and a chaotic model.

In Example 19, the subject matter of any one of Examples
1 to 18 can optionally 1include that the determination circuit
and the correction circuit may be configured to determine
the interference estimation signal and the corrected interter-
ence estimation signal, respectively, based on a nonlinear
filtering algorithm of a group of filtering algorithms con-
sisting of an Extended Kalman Filter, a second-order
Extended Kalman Filter, an Iterated Kalman Filter, a
Quadrature Kalman Filter and an Unscented Kalman Filter.

Example 20 1s a commumnication device. The communi-
cation device may include a receiver configured to receive a
signal that may include a first signal and a second signal, a
first determination circuit configured to determine a first
interference estimation signal of the first signal based on an
interference signal model, a first correction circuit config-
ured to determine a first corrected interference estimation
signal based on the first interference estimation signal and
on a first signal sample based on the first signal, a second
determination circuit configured to determine a second 1nter-
ference estimation signal of the first signal based on the first
corrected interference estimation signal and on the interfer-
ence signal model, a second correction circuit configured to
determine a second corrected interference estimation signal
of the first signal based on the second interference estima-
tion signal and on a second signal sample based on the
second signal and a subtraction circuit configured to subtract
the second corrected mterference estimation signal from the
first signal.

In Example 21, the subject matter of Example 20 can
optionally include that the communication device includes a
sample circuit configured to sample the first signal sample of
the first signal and the second signal sample of the second
signal.

In Example 22, the subject matter of any one of Examples
20 to 21 can optionally include that the first signal sample
may be sampled at a first sampling time and the second
signal sample may be sampled at a second sampling time
alter the first sampling time. The {irst determination circuit
may be configured to determine the first interference esti-
mation signal based on a plurality of first interference signal
states of the interference signal model that may be associ-
ated with the first signal. The first determination circuit may
be configured to determine at least one first conditional
moment of the first interference signal states that may be
associated with the first sampling time based on a first time
evolution of at least one time dependent first conditional
moment function that may be associated with the interfer-
ence signal model and may be the at least one first condi-
tional moment 1f evaluated at the first sampling time. The
first 1interference estimation signal may include the at least
one {irst conditional moment of the first mnterference signal
states. The first correction circuit may be configured to
determine at least one first corrected conditional moment
that may be associated with the first sampling time based on
the at least one first conditional moment and the first signal
sample. The first corrected interference estimation signal
may 1include the at least one first corrected conditional

10

15

20

25

30

35

40

45

50

55

60

65

32

moment of the first interference signal states. The second
determination circuit may be configured to determine the
second interference estimation signal based on second inter-
ference signal states of a plurality of second interference
signal states of the interference signal model that may be
associated with the second signal. The second determination
circuit may be configured to determine at least one second
conditional moment of the second interference signal states
that may be associated with the second sampling time based
on the at least one first corrected conditional moment and a
second time evolution of at least one time dependent second
conditional moment function that may be associated with the
interference signal model and may be the at least one second
conditional moment 1f evaluated at the second sampling
time. The second interference estimation signal may include
the at least one second conditional moment.

In Example 23, the subject matter Example 22 can option-
ally include that the at least one first conditional moment
may be a plurality of first conditional moments that may be
associated with the first sampling time. The at least one time
dependent first conditional moment function may be a
plurality of time dependent first conditional moment func-
tions that may be associated with the interference signal
model and may be the first conditional moments 1f evaluated
at the first sampling time, respectively. The first time evo-
lution of the plurality of time dependent first conditional
moment functions may be a time evolution 1n accordance
with at least one coupled differential equation that may
include the first conditional moment functions of the plu-
rality of time dependent first conditional moment functions.
The at least one second conditional moment may be a
plurality of second conditional moments that may be asso-
ciated with the second sampling time. The at least one time
dependent second conditional moment function may be a
plurality of time dependent second conditional moment
functions that may be associated with the interference signal
model and may be the second conditional moments if
evaluated at the second sampling time, respectively. The
second time evolution of the plurality of time dependent
second conditional moment functions may be a time evo-
lution 1 accordance with at least one coupled differential
equation that may include the second conditional moment
functions of the plurality of time dependent second condi-
tional moment functions.

In Example 24, the subject matter of Example 23 can
optionally include that the coupled diflerential equation may
be based on a Fokker-Planck-Kolmogorov equation.

In Example 25, the subject matter of Example 24 can
optionally include that the Fokker-Planck-Kolmogorov
equation may be continuous 1n time.

In Example 26, the subject matter of any one of Examples
22 to 25 can optionally include that the at least one first
conditional moment function and the at least one second
conditional moment function may be conditional averages.

In Example 27, the subject matter of any one of Examples
23 to 26 can optionally include that the plurality of first
conditional moments and the plurality of second conditional
moments include a conditional variance or a conditional
covariance, respectively.

In Example 28, the subject matter of any one of Examples
22 to 27 can optionally include that the communication
device may be configured to determine an i1mitial condition
of the first time evolution based on the interference signal
model.

In Example 29, the subject matter of any one of Examples
23 to 28 can optionally include that the first determination
circuit may be configured to determine the at least one first
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conditional moment based on a first solution of the coupled
differential equation that may include a first integral with
respect to the time. The first determination circuit may be
configured to integrate the first integral numerically. The
first determination circuit may be configured to determine
processing values of the numerical integration of the first
integral at a processing rate that may be higher than a
sampling rate at which the first signal sample and the second
signal sample may be sampled. The second determination

circuit may be configured to determine the at least one
second conditional moment based on a second solution of
the coupled differential equation that may include a second
integral with respect to the time. The second determination
circuit may be configured to integrate the second integral
numerically. The second determination circuit may be con-
figured to determine processing values of the second
numerical integration at the processing rate.

In Example 30, the subject matter of Example 29 can
optionally 1nclude that the sampling rate corresponds to the
Nyquist frequency.

In Example 31, the subject matter of any one of Examples
28 to 30 can optionally include that the at least one first
conditional moment may be an expectation value of a state
function with respect to first conditional state probabilities
that may be Bayesian probabilities of the first interference
signal states under a first condition based on the initial
condition. The at least one first corrected conditional
moment may be an expectation value of the state function
with respect to first corrected conditional state probabilities
that may be probabilities of the first interference signal states
under the first condition and a second condition based on the
first signal sample. The at least one second conditional
moment may be an expectation value of the state function
with respect to second conditional state probabilities that
may be Bayesian probabilities of the second interference
signal states under the first condition and the second con-
dition. The at least one second corrected conditional moment
may be an expectation value of the state function with
respect to second corrected conditional state probabilities
that may be probabilities of the second interference signal
states under the first condition, the second condition and a
third condition based on the second signal sample. The at
least one second corrected conditional moment may be
associated with the second sampling time. The at least one
second corrected interference estimation signal may include
the second corrected conditional moment.

In Example 32, the subject matter of any one of Examples
22 to 31 can optionally include that the at least one first
corrected conditional moment may be a plurality of {first
corrected conditional moments that each may be first cor-
rected conditional moments of the interference signal states.
The first correction circuit may be configured to determine
the first corrected conditional moments of the plurality of
first corrected conditional moments based on the first con-
ditional moments of the plurality of first conditional
moments and the first signal sample. The at least one first
corrected conditional moment may be a plurality of first
corrected conditional moments that each may be first cor-
rected conditional moments of the interference signal states.
The second correction circuit may be configured to deter-
mine the second corrected conditional moments of the
plurality of second corrected conditional moments based on
the second conditional moments of the plurality of second
conditional moments and the second signal sample.

In Example 33, the subject matter of any one of Examples
22 to 32 can optionally include that the interference signal
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model may be one of a group of interference signal models
consisting of a Markov process model and a chaotic model.

In Example 34, the subject matter of any one of Examples
1 to 33 can optionally include that the received signal may
be a baseband signal.

In Example 33, the subject matter of any one of Examples
1 to 34 can optionally include that the communication
device further includes a model selection circuit configured
to select a first interference signal model from a plurality of
predefined interference signal models based on at least a first
statistical property of the recerved signal that may be dif-
ferent from a white Gaussian noise signal. The interference
signal model may be the first interference signal model.

In Example 36, the subject matter of any one of Examples
3 to 36 can optionally include that the interference signal
model may include at least one predetermined function that
may be a function of at least one of the interference signal
states or the time. The determination of at least one of the
conditional moment, the first conditional moment, the sec-
ond conditional moment, the corrected conditional moment,
the first corrected conditional moment or the second cor-
rected conditional moment may include at least one output
value of the at least one predetermined function. The com-
munication device further may include an evaluation circuit
configured to determine the at least one output value of the
at least one predetermined function and to transmit the at
least one output value to the determination circuit and the
correction circuit. The determination circuit may be config-
ured to determine the conditional moment, the first condi-
tional moment or the second conditional moment based on
the at least one output value of the at least one predetermined
function. The correction circuit may be configured to deter-
mine the corrected conditional moment, the first corrected
conditional moment or the second corrected conditional
moment based on the at least one output value of the at least
one predetermined function.

Example 37 1s a method for signal determination 1n radio
communication. The method may include receiving a signal,
determining an interference estimation signal of the received
signal based on an interference signal model, determining a
corrected interference estimation signal based on the deter-
mined interference estimation signal and on a signal sample
based on the received signal and subtracting the corrected
interference estimation signal from the received signal.

In Example 38, the subject matter of Example 37 can
optionally include that the method further includes sampling
the signal sample of the signal.

In Example 39, the subject matter of any one of Examples
3’7 to 38 can optionally include that the method further
includes determining the interference estimation signal in
consideration of a plurality of interference signal states of
the signal model. The method may further include deter-
mining at least one conditional moment of the interference
signal states that may be associated with a sampling time of
the signal sample based on a time evolution of at least one
time dependent conditional moment function that may be
associated with the interference signal model and may be the
at least one conditional moment if evaluated at the sampling
time, wherein the interference estimation signal may include
the at least one conditional moment of the interference
signal states.

In Example 40, the subject matter of Example 39 can
optionally include that the at least one conditional moment
may be a plurality of conditional moments that may be
associated with the second sampling time. The at least one
time dependent conditional moment function may be a
plurality of time dependent conditional moment functions
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that may be associated with the interference signal model
and may be the conditional moments if evaluated at the
sampling time, respectively. The time evolution of the
plurality of time dependent conditional moment functions
may be based on at least one coupled differential equation
that may include the conditional moment functions of the
plurality of time dependent conditional moment functions.

In Example 41, the subject matter of Example 40 can
optionally include that the coupled differential equation may
be based on a Fokker-Planck-Kolmogorov equation.

In Example 42, the subject matter of Example 41 can
optionally include that the Fokker-Planck-Kolmogorov
equation may be continuous in time.

In Example 43, the subject matter of any one of Examples
39 to 42 can optionally include that the at least one condi-
tional moment may be a conditional average.

In Example 44, the subject matter of any one of Examples
40 to 43 can optionally include that the plurality of condi-
tional moments may include a conditional variance or a
conditional covariance.

In Example 45, the subject matter of any one of Examples
39 to 44 can optionally include that the method further
includes determining an initial condition of the time evolu-
tion based on the interference signal model.

In Example 46, the subject matter of any one of Examples
40 to 45 can optionally include that the method further
includes determining the at least one conditional moment
based on a solution of the coupled differential equation that
may include an integral with respect to the time. The method
turther includes integrating the integral numerically. The
method further includes determining processing values of
the numerical integration of the integral at a processing rate
that may be higher than a sampling rate at which the
received signal may be sampled.

In Example 47, the subject matter of Example 46 can
optionally include that the sampling rate corresponds to the
Nyquist frequency.

In Example 48, the subject matter of any one of Examples
39 to 47 can optionally include that the method further
includes determining at least one corrected conditional
moment based on the at least one conditional moment and
the signal sample. The corrected interference estimation
signal may include the at least one corrected conditional
moment of the interference signal states.

In Example 49, the subject matter of Example 48 can
optionally include that the at least one corrected conditional
moment may be a corrected conditional average that may be
determined based on the conditional average and the signal
sample.

In Example 50, the subject matter of any one of Examples
48 to 49 can optionally include that the conditional moment
may be an expectation value of a state function with respect
to conditional state probabilities that may be Bayesian
probabilities of the interference signal states under a first
condition based on the initial condition. The at least one
corrected conditional moment may be an expectation value
of the state function with respect to corrected conditional
state probabilities that may be probabilities of the interfer-
ence signal states under the first condition and a second
condition based on the signal sample.

In Example 51, the subject matter of any one of Examples
40 to 30 can optionally include that the at least one corrected
conditional moment may be a plurality of corrected condi-
tional moments that each may be corrected conditional
moments of the interference signal states. The method may
further include determining the corrected conditional
moments of the plurality of corrected conditional moments
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based on the conditional moments of the plurality of con-
ditional moments and the signal sample.

In Example 52, the subject matter of any one of Examples
40 to 51 can optionally include that the interference estima-
tion signal may be a first 1teration determination signal, the
plurality of conditional moments may be a plurality of first
iteration moments, the plurality of conditional moment
functions may be a plurality of first iteration moment
functions, the corrected interference estimation signal may
be a first corrected interference estimation signal, the plu-
rality of corrected conditional moments may be a plurality of
first corrected 1teration moments and the signal sample may
be a first signal sample. The method may further include
determining a first iteration correction signal that may
include the plurality of first corrected iteration moments.
The method may further include sampling a second signal
sample of the received signal. The method may further
include determining a plurality of second iteration moments
of the interference signal states that may be associated with
a second sampling time of the second signal sample based on
a second time evolution of second iteration moment func-
tions that 11 evaluated at the second sampling time may be
the second iteration moments, respectively, and on the first
corrected 1iteration moments as an initial condition of the
time evolution of the second iteration moment functions.
The method may further include determining a second
iteration determination signal that may include the second
iteration moments. The method may further include deter-
mining a plurality of second corrected iteration moments of
the interference signal states of the plurality of interference
signal states based on the second 1teration moments and the
second signal sample. The method may further include
determining a second corrected interference estimation sig-
nal that may include at least a single second corrected
iteration moment of the second corrected iteration moments.
The method may further include subtracting the second
corrected interference estimation signal from the received
signal.

In Example 53, the subject matter of Example 52 can
optionally include that the second time evolution may be
based on the Fokker-Planck-Kolmogorov equation. The
Fokker-Planck-Kolmogorov equation may include the sec-
ond iteration moments of the plurality of second iteration
moment functions.

In Example 54, the subject matter of any one of Examples
39 to 53 can optionally include that the interference signal
model may be one of a group of interference signal models
consisting of a Markov process model and a chaotic model.

In Example 53, the subject matter of any one of Examples
46 to 54 can optionally include that the method further
includes determining the interference estimation signal and
the corrected interference estimation signal based on a
nonlinear filtering algorithm of a group of filtering algo-
rithms consisting of an Extended Kalman Filter, a second-
order Extended Kalman Filter, an Iterated Kalman Filter, a
(Quadrature Kalman Filter and an Unscented Kalman Filter.

Example 56 1s a method for signal determination in radio
communication. The method may include receiving a signal
that may include a first signal and a second signal, deter-
mining a first interference estimation signal of the first signal
based on an interference signal model, determining a first
corrected interference estimation signal based on the first
interference estimation signal and on a first signal sample
based on the first signal, determining a second interference
estimation signal of the first signal based on the first cor-
rected interference estimation signal and on the interference
signal model, determining a second corrected interference
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estimation signal of the first signal based on the second
interference estimation signal and on a second signal sample
based on the second signal and subtracting the second
corrected interference estimation signal from the first signal.

In Example 357, the subject matter of Examples 56 can
optionally include that the method further includes sampling
the first signal sample of the first signal and the second
signal sample of the second signal.

In Example 57, the subject matter of any one of Examples
56 to 57 can optionally include that the first signal sample
may be sampled at a first sampling time and the second
signal sample may be sampled at a second sampling time
after the first sampling time. The method may further
include determining the first interference estimation signal
based on first interference signal states of a plurality of first
interference signal states of the interference signal model
that may be associated with the first signal, determining at
least one first conditional moment of the first interference
signal states that may be associated with the first sampling
time based on a first time evolution of at least one time
dependent first conditional moment function that may be
associated with the interference signal model and may be the
at least one first conditional moment 11 evaluated at the first
sampling time, wherein the first interference estimation
signal may include the at least one first conditional moment
of the first interference signal states. The method may
turther include determining at least one {irst corrected con-
ditional moment based on the at least one first conditional
moment and the first signal sample, wherein the first cor-
rected interference estimation signal may include the at least
one first corrected conditional moment of the first interfer-
ence signal states, determining the second interference esti-
mation signal based on second interference signal states of
a plurality of second interference signal states of the inter-
terence signal model that may be associated with the second
signal and determining at least one second conditional
moment of the second interference signal states that may be
associated with the second sampling time based on the at
least one first corrected conditional moment and a second
time evolution of at least one time dependent second con-
ditional moment function that may be associated with the
interference signal model and may be the at least one second
conditional moment 1f evaluated at the second sampling
time, wherein the second interference estimation signal may
include the at least one second conditional moment.

In Example 39, the subject matter of Example 58 can
optionally include that the at least one first conditional
moment may be a plurality of first conditional moments that
may be associated with the first sampling time. The at least
one time dependent first conditional moment function may
be a plurality of time dependent first conditional moment
functions that may be associated with the interference signal
model and may be the first conditional moments 1f evaluated
at the second sampling time, respectively. The first time
evolution of the plurality of time dependent first conditional
moment functions may be a time evolution in accordance
with at least one coupled differential equation that may
include the first conditional moment functions of the plu-
rality of time dependent first conditional moment functions.
The at least one second conditional moment may be a
plurality of second conditional moments that may be asso-
ciated with the second sampling time. The at least one time
dependent second conditional moment function may be a
plurality of time dependent second conditional moment
functions that may be associated with the interference signal
model and may be the second conditional moments if
evaluated at the second sampling time, respectively. The
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second time evolution of the plurality of time dependent
second conditional moment functions may be a time evo-
lution 1n accordance with at least one coupled differential
equation that may include the second conditional moment
functions of the plurality of time dependent second condi-
tional moment functions.

In Example 60, the subject matter of Example 39 can
optionally include that the coupled diflerential equation may
be based on a Fokker-Planck-Kolmogorov equation.

In Example 61, the subject matter of Example 60 can
optionally include that the Fokker-Planck-Kolmogorov
equation may be continuous 1n time.

In Example 62, the subject matter of any one of Examples
59 to 61 can optionally include that the at least one first
conditional moment function and the at least one second
conditional moment function may be conditional averages.

In Example 63, the subject matter of any one of Examples
60 to 62 can optionally include that the plurality of first
conditional moments and the plurality of second conditional
moments include a conditional variance or a conditional
covariance, respectively.

In Example 64, the subject matter of any one of Examples
39 to 63 can optionally include that the method further
includes determining an initial condition of the first time
evolution based on the interference signal model.

In Example 65, the subject matter of any one of Examples
59 to 64 can optionally include that the method turther
includes determining the at least one first conditional
moment based on a first solution of the coupled differential
equation that may include a first integral with respect to the
time, integrating the first integral numerically and determin-
ing processing values of the numerical integration of the first
integral at a processing rate that may be higher than a
sampling rate at which the first signal sample and the second
signal sample may be sampled. The method may further
include determining the at least one second conditional
moment based on a second solution of the coupled differ-
ential equation that may include a second integral with
respect to the time, integrating the second integral numerti-
cally and determining processing values of the second
numerical integration at the processing rate.

In Example 66, the subject matter of Example 65 can
optionally 1nclude that the sampling rate corresponds to the
Nyquist frequency.

In Example 67, the subject matter of any one of Examples
59 to 66 can optionally include that the at least one first
conditional moment may be an expectation value of a state
function with respect to first conditional state probabilities
that may be Bayesian probabilities of the first interference
signal states under a first condition based on the initial
condition. The at least one first corrected conditional
moment may be an expectation value of the state function
with respect to first corrected conditional state probabilities
that may be probabilities of the first interference signal states
under the first condition and a second condition based on the
second signal sample. The at least one second conditional
moment may be an expectation value of the state function
with respect to second conditional state probabilities that
may be Bayesian probabilities of the second interference
signal states under the first condition and the second con-
dition. The at least one second corrected conditional moment
may be an expectation value of the state function with
respect to second corrected conditional state probabilities
that may be probabilities of the second interference signal
states under the first condition, the second condition and a
third condition based on the second signal sample. The at
least one second corrected conditional moment may be




US 10,530,405 B2

39

associated with the second sampling time. The at least one
second corrected interference estimation signal may include
the second corrected conditional moment.

In Example 68, the subject matter of any one of Examples
59 to 67 can optionally include that the at least one first
corrected conditional moment may be a plurality of {first
corrected conditional moments that each may be first cor-
rected conditional moments of the interference signal states.
The first correction circuit may be configured to determine
the first corrected conditional moments of the plurality of
first corrected conditional moments based on the first con-
ditional moments of the plurality of first conditional
moments and the first signal sample. The at least one first
corrected conditional moment may be a plurality of {first
corrected conditional moments that each may be first cor-
rected conditional moments of the interference signal states.
The second correction circuit may be configured to deter-
mine the second corrected conditional moments of the
plurality of second corrected conditional moments based on
the second conditional moments of the plurality of second
conditional moments and the second signal sample.

In Example 69, the subject matter of any one of Examples
59 to 68 can optionally include that the interference signal
model may be one of a group of interference signal models
consisting of a Markov process model and a chaotic model.

In Example 70, the subject matter of any one of Examples
3’7 to 69 can optionally include that the received signal may
be a baseband signal.

In Example 71, the subject matter of any one of Examples
37 to 70 can optionally include that the method further
includes selecting a first interference signal model from a
plurality of predefined interference signal models based on
at least a first statistical property of the received signal that
may be different from a white Gaussian noise signal,
wherein the interference signal model may be the first
interference signal model.

In Example 72, the subject matter of any one of Examples
39 to 71 can optionally include that the interference signal
model may include at least one predetermined function that
may be a function of at least one of the interference signal
states or the time. The determination of at least one of the
conditional moment, the first conditional moment, the sec-
ond conditional moment, the corrected conditional moment,
the first corrected conditional moment or the second cor-
rected conditional moment may include at least one output
value of the at least one predetermined function. The method
may further include determining the at least one output value
of the at least one predetermined function and transmitting
the at least one output value to the determination circuit and
the correction circuit. The method may further include
determining the conditional moment, the first conditional
moment or the second conditional moment based on the at
least one output value of the at least one predetermined
function and determining the corrected conditional moment,
the first corrected conditional moment or the second cor-
rected conditional moment based on the at least one output
value of the at least one predetermined function.

While the mnvention has been particularly shown and
described with reference to specific embodiments, 1t should
be understood by those skilled in the art that various changes
in form and detail may be made therein without departing
from the spirit and scope of the invention as defined by the
appended claims. The scope of the mvention 1s thus indi-
cated by the appended claims and all changes which come
within the meaning and range of equivalency of the claims
are therefore intended to be embraced.
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What 1s claimed 1s:

1. A communication device, comprising:

a recerver configured to recerve a signal;

a determination circuit configured to determine an inter-
ference estimation signal of the received signal based
on an interference signal model;

a correction circuit configured to determine a corrected
interference estimation signal based on the determined
interference estimation signal and on a signal sample
based on the received signal; and

a subtraction circuit configured to subtract the corrected
interference estimation signal from the received signal,

wherein the determination circuit 1s configured to deter-
mine the interference estimation signal based on inter-
ference signal states of a plurality of interference signal
states ol the interference signal model, wherein the
determination circuit 1s configured to determine at least
one conditional moment of the interference signal
states associated with a sampling time of the signal
sample based on a time evolution of at least one time
dependent conditional moment function associated
with the interference signal model.

2. The communication device of claim 1,

wherein the at least one condition moment 1s the at least
one conditional moment 1f evaluated at the sampling
time; and

wherein the determined interference estimation signal
includes the at least one conditional moment of the
interference signal states.

3. The communication device of claim 2,

wherein the at least one conditional moment 1s a plurality
of conditional moments that are associated with the
sampling time;

wherein the at least one time dependent conditional
moment function 1s a plurality of time dependent
conditional moment functions associated with the inter-
ference signal model and are the conditional moments
if evaluated at the sampling time, respectively; and

wherein the time evolution of the plurality of time depen-
dent conditional moment functions 1s based on at least
one coupled differential equation that includes the
conditional moment functions of the plurality of time
dependent conditional moment functions.

4. The communication device of claim 3,

wherein the coupled differential equation 1s based on a
Fokker-Planck-Kolmogorov equation.

5. The communication device of claim 4,

wherein the at least one conditional moment 1s a condi-
tional average.

6. The communication device of claim 5,

wherein the plurality of conditional moments includes a
conditional variance or a conditional covariance.

7. The communication device of claim 6,

wherein the determination circuit 1s configured to deter-
mine the at least one conditional moment based on a
solution of the coupled differential equation that
includes an integral with respect to the time;

wherein the determination circuit 1s configured to inte-
grate the integral numerically; and

wherein the determination circuit 1s configured to deter-
mine processing values of the numerical integration of
the integral at a processing rate that 1s higher than a
sampling rate of the sample circuit.

8. The communication device of claim 7,

wherein the correction circuit 1s configured to determine
at least one corrected conditional moment based on the
at least one conditional moment and the signal sample;
and
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wherein the corrected mterference estimation signal
includes the at least one corrected conditional moment
of the interference signal states.

9. The communication device of claim 8,

wherein the interference signal model is one of a group of °
interference signal models consisting of:
a Markov process model; and
a chaotic model.

10. The communication device of claim 9,

wherein the determination circuit and the correction cir-
cuit are configured to determine the interference esti-
mation signal and the corrected interference estimation
signal, respectively, based on a nonlinear filtering algo-
rithm of a group of filtering algorithms consisting of:

an Extended Kalman Filter:;

a second-order Extended Kalman Filter;

an Iterated Kalman Filter;

a Quadrature Kalman Filter; and

an Unscented Kalman Filter. 20

11. A communication device, comprising;:

a recerver configured to receive a signal that comprises a
first signal and a second signal;

a first determination circuit configured to determine a first
interference estimation signal of the first signal based 25
on an nterference signal model;

a first correction circuit configured to determine a first
corrected 1nterference estimation signal based on the
first interference estimation signal and on a first signal
sample based on the first signal; 30

a second determination circuit configured to determine a
second 1nterference estimation signal of the first signal
based on the first corrected interference estimation
signal and on the interference signal model;

a second correction circuit configured to determine a 35
second corrected interference estimation signal of the
first signal based on the second interference estimation
signal and on a second signal sample based on the
second signal; and

a subtraction circuit configured to subtract the second 40
corrected interference estimation signal from the first
signal.

12. The communication device of claim 11,

wherein the first signal sample 1s sampled at a first
sampling time and the second signal sample 1s sampled 45
at a second sampling time after the first sampling time;

wherein the first determination circuit 1s configured to
determine the first interference estimation signal based
on a plurality of first interference signal states of the
interference signal model that are associated with the 50
first signal;

wherein the first determination circuit 1s configured to
determine at least one first conditional moment of the

first interference signal states that 1s associated with the

first sampling time based on a first time evolution of at 55

least one time dependent first conditional moment

function that 1s associated with the interference signal
model and 1s the at least one first conditional moment
if evaluated at the first sampling time;

wherein the first interference estimation signal includes 60
the at least one {first conditional moment of the first
interference signal states;

wherein the first correction circuit 1s configured to deter-
mine at least one first corrected conditional moment
that 1s associated with the first sampling time based on 65
the at least one first conditional moment and the first
signal sample;

42

wherein the first corrected interference estimation signal
includes the at least one first corrected conditional
moment of the first interference signal states;

wherein the second determination circuit 1s configured to
determine the second interference estimation signal
based on second interference signal states of a plurality
of second interference signal states of the interference
signal model that are associated with the second signal;

wherein the second determination circuit 1s configured to
determine at least one second conditional moment of
the second interference signal states that 1s associated
with the second sampling time based on the at least one
first corrected conditional moment and a second time
evolution of at least one time dependent second con-
ditional moment function that i1s associated with the
interterence signal model and 1s the at least one second
conditional moment if evaluated at the second sampling
time; and

wherein the second interference estimation signal
includes the at least one second conditional moment.

13. The communication device of claim 12,

wherein the at least one first conditional moment 1s a
plurality of first conditional moments that are associ-
ated with the first sampling time;

wherein the at least one time dependent first conditional
moment function 1s a plurality of time dependent first
conditional moment functions that are associated with
the interference signal model and are the first condi-
tional moments 1f evaluated at the first sampling time,
respectively;

wherein the first time evolution of the plurality of time
dependent first conditional moment functions 1s a time
evolution 1n accordance with at least one coupled
differential equation that includes the first conditional
moment functions of the plurality of time dependent
first conditional moment functions:

wherein the at least one second conditional moment 1s a
plurality of second conditional moments that are asso-
ciated with the second sampling time;

wherein the at least one time dependent second condi-
tional moment function 1s a plurality of time dependent
second conditional moment functions that are associ-
ated with the interference signal model and are the
second conditional moments 11 evaluated at the second
sampling time, respectively; and

wherein the second time evolution of the plurality of time
dependent second conditional moment functions 1s a
time evolution 1n accordance with at least one coupled
differential equation that includes the second condi-
tional moment functions of the plurality of time depen-
dent second conditional moment functions.

14. The communication device of claim 13,

wherein the coupled differential equation 1s based on a
Fokker-Planck-Kolmogorov equation.

15. The communication device of claim 14,

wherein the first determination circuit 1s configured to
determine the at least one first conditional moment
based on a first solution of the coupled differential
equation that includes a first integral with respect to the
time;

wherein the first determination circuit 1s configured to
integrate the first integral numerically; and

wherein the first determination circuit 1s configured to
determine processing values of the numerical integra-
tion of the first integral at a processing rate that 1s
higher than a sampling rate at which the first signal
sample and the second signal sample are sampled;
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wherein the second determination circuit 1s configured to
determine the at least one second conditional moment
based on a second solution of the coupled differential
equation that includes a second integral with respect to
the time;

wherein the second determination circuit 1s configured to
integrate the second integral numerically; and

wherein the second determination circuit 1s configured to
determine processing values of the second numerical
integration at the processing rate.

16. The communication device of claim 15,

wherein the interference signal model 1s one of a group of
interference signal models consisting of:
a Markov process model; and
a chaotic model.

17. The communication device of claim 16, further com-

prising:

a model selection circuit configured to select a first
interference signal model from a plurality of predefined
interference signal models based on at least a first
statistical property of the recerved signal that 1s differ-
ent from a white Gaussian noise signal, wherein the
interference signal model 1s the first interference signal
model.

18. A method for signal determination 1n radio commu-

nication, comprising:

receiving a signal;

determining an 1interference estimation signal of the
received signal based on an interference signal model,
wherein the interference estimation signal 1s deter-
mined in consideration of a plurality of interference
signal states of the signal model and comprises deter-
mining at least one conditional moment of the inter-
ference signal states that 1s associated with a sampling
time of the signal sample based on a time evolution of
at least one time dependent conditional moment func-
tion that 1s associated with the interference signal
model;

determining a corrected interference estimation signal
based on the determined interference estimation signal
and on a signal sample based on the received signal;
and

subtracting the corrected interference estimation signal
from the received signal.

19. The method of any one of claim 18, further compris-

ng:

wherein the at least one condition moment 1s the at least
one conditional moment 1f evaluated at the sampling
time,

wherein the interference estimation signal includes the at
least one conditional moment of the interference signal
states.

20. The method of claim 19,

wherein the at least one conditional moment 1s a plurality
of conditional moments that are associated with the
second sampling time;

wherein the at least one time dependent conditional
moment function 1s a plurality of time dependent
conditional moment functions that are associated with
the interference signal model and are the conditional
moments 1I evaluated at the sampling time, respec-
tively; and

wherein the time evolution of the plurality of time depen-
dent conditional moment functions 1s based on at least
one coupled differential equation that includes the
conditional moment functions of the plurality of time
dependent conditional moment functions.
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21. The method of claim 20,

wherein the coupled differential equation 1s based on a
Fokker-Planck-Kolmogorov equation.

22. The method of claim 21, further comprising:

determiming the at least one conditional moment based on
a solution of the coupled differential equation that
includes an integral with respect to the time;

integrating the integral numerically; and

determining processing values of the numerical integra-
tion of the integral at a processing rate that 1s higher
than a sampling rate at which the received signal 1s
sampled.

23. The method of claim 22,

wherein the interference signal model 1s one of a group of
interterence signal models consisting of:
a Markov process model; and
a chaotic model.

24. A method for signal determination in radio commu-

nication, comprising:

recerving a signal that comprises a first signal and a
second signal;

determining a first iterference estimation signal of the
first signal based on an interference signal model;

determining a first corrected interference estimation sig-
nal based on the first interference estimation signal and
on a first signal sample based on the first signal;

determiming a second interference estimation signal of the
first signal based on the first corrected interference
estimation signal and on the interference signal model;

determining a second corrected interference estimation
signal of the first signal based on the second interfer-
ence estimation signal and on a second signal sample
based on the second signal; and

subtracting the second corrected interference estimation
signal from the first signal.

25. The method of claim 24,

wherein the first signal sample 1s sampled at a first
sampling time and the second signal sample 1s sampled
at a second sampling time after the first sampling time;
and

wherein the method further comprises:

determiming the first interference estimation signal based
on first interference signal states of a plurality of first
interference signal states of the interference signal
model that are associated with the first signal;

determining at least one first conditional moment of the

first interference signal states that 1s associated with the

first sampling time based on a first time evolution of at

least one time dependent first conditional moment

function that i1s associated with the interference signal
model and 1s the at least one first conditional moment
if evaluated at the first sampling time, wherein the first
interference estimation signal includes the at least one
first conditional moment of the first interference signal
states;

determiming at least one {irst corrected conditional
moment based on the at least one first conditional
moment and the first signal sample, wherein the first
corrected 1nterference estimation signal includes the at
least one first corrected conditional moment of the first
interference signal states;

determining the second interference estimation signal
based on second interference signal states of a plurality
of second interference signal states of the interference
signal model that are associated with the second signal;
and
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determining at least one second conditional moment of
the second interference signal states that 1s associated
with the second sampling time based on the at least one
first corrected conditional moment and a second time
evolution of at least one time dependent second con- 5
ditional moment function that 1s associated with the
interference signal model and 1s the at least one second
conditional moment if evaluated at the second sampling
time, wherein the second interference estimation signal
includes the at least one second conditional moment. 10
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